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ABSTRACT

The following paper studies the possibilities of using high—speed flywheels

with magnetic bearings in communications spacecraft. Hardware point designs

have been completed for a very low drag bearing and a very efficient , compatible

motor generator . Using the results of these designs, a tradeoff study compares

these flywheels with combinations of NiCd batteries , NiH2 batteries , 
and con-

ventional low—speed momentum wheels.

Section I presents the tradeoff studies for flywheels used for energy

storage only, for attitude control only, and for combined energy storage and

attitude control. The results show that such wheels look excellent for

attitude control alone (as high—speed , high—reliability momentum wheels)

and attractive for combined power and attitude control , but not much better

than N i}1~~ for power alone. 4’ - -

Section II reviews the ~
‘technology of flywheel components , showing that

rotors are the biggest unsolved probl~ n but can be built now to lower energy

densities .

Section III analyzes two types of anisotropic rotors to allow design

calculations for a given set of mater ial properties. These types are the

orthotropic composite rotor and the bare filament rotor.

Section IV documents the design, development, and testing of the Lincoln

Laboratory magnetic bearing . This bearing can be used in momentum wheelr’

which are not electronically giinballed , or in energy storage wheels.

Section V documents the development of the Lincoln Laboratory motor

generator , which allows very high efficiency at high speeds.

Section VI contains overall conclusions of this study concerning space-

craft applications of high—speed flywheels.
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I. SYSTEM ASPECTS OF FLYWHEELS

A . Flywheel Con trol

A f l ywheel system will be considered in the context of a synchronous
communication satellite mission. Assum e a 1 1KW pay load and an att itude

control system with required stability of ± .010 with dominan t solar torq ues

on the order of 50 microfoot pounds sinusoidal component.

The Lincoln Labora tory  (LL) f l ywheel unit concept briefly cons ists of a

ro to r , s h a f t , magnet ic  bearings , touchdown bearings , moto r—genera to r , vacuum

housing,  and mi scellaneous small parts. To ease unit integration for a f i r s t

cut we have selected a small shaf t  w i th  essentially zero internal rotor diam-

eter , al though th is cos ts a fac tor of two in ro tor weight compared to the limit
of ID/OD -* 1. We will assume two levels of -rotor technology: a 34 watt—hour

per pound , 40 K RPM ro tor , probably achievable with present technology and

minor improvements in fabrication techniques ; and a 54 watt—hour per pound

50 K RPM rotor of the same size (20—in . dia.), probably the ultimate for

present mater ials and the given geometry. Vacuum containment was chosen

rather than lightweigh t covers for  f l ight to prov ide comp lete tes ting of a
f ully assembled un it and to add bearing moun t rig id ity and small f ragmen t

conf ineinent.

These units , denoted LL—30 and LL—50, are estima ted to weigh respectively
45 and 50 pounds. They will be considered first as purely energy storage
device s  in c o m p e t i t i o n  wi th  ba t ter ies , then as momentum wheels in compet i t ion

with presentl y available and current prototype designs, and f ina l ly as com-
b ined energy and angular momentum storage dev ices.

The essential relationships between wheel speed , energy, momen tum , and
mass are given below and graphed in Fig. 1—1. A disc rotor with inner radius

R
1 

and outer rad it~s R , mass den sity p and thickness h has

2 2mass M 7rph (R
1 

— R )  (1—1)

moment of inertia I = 1/2 M (R~ + R2) (1—2)

angular momentum H 1w (1—3)
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energy E 1/2 i~
2 

= 1/2 Hu~ 
(1 4)

2 2 2
energy/mass ELM 1/4 (R

1 
+ R )  u. (1—5)

momentum/mass H/M 1/2 (P~ + R )  t~ (1—6)

For our case R = o and for normalized variables t~
’ = w/w where u~ = maximum

I 2 
m rn

speed . Tota l  energy of two wheels  E E / I u ~
’ , H H / I t ~~.

2
E 1/2 (tj ’~ + w ) (1—7)

= — (~ —8)

A big concern w i t h  art y energy wheel system on a s a t e l l i t e  wi l l  be the

large angular momentum (H) stored in their energy system , and its potential

effects on attitude control. A basic ground rule of any such system must be

that no likely single point failure shall cause total loss of the satellite.

This implies that the following failure modes must not be very likel y.

1. Rotor breaking catastrophi cally, throw ing high—energy fragments.

2. Suspension totally lost at high speed , causing rotor failure.

3. Wheel overspeed .

On a less stringent level , to avoid a recoverable tumbling of the satel-

lite , the following would be desirable:

1. ACS automatic rate—dump ing mode not dependent on any one wheel .

2. Wheel speed control redundancy .

3. Simple, reliable suspension with redundancy and recovery
capability .

4. A touchdown bearing system capable of at least 100 touchdowns
and 100 hour continuous running at design speed , perhaps wi th
increased power requirements.

S. Simple energy convers ion from generator to suspension , includ-
ing touchdown recovery.

3
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The result of these conditions would then be a f l ywheel energy system

which would not be likely to dis turb the a t t i tude  control of the satel l i te

in case of compon en t fai lur e, and would not result in total loss of satellite

even If it did so.

The implication s fo r const ruction of the f l ywheel are as follows :

1. High confidence in the rotor not to break catastrophically.

2. Redundant overspeed control.

3. A radia lly passiv e suspension system , the simp lest and most
r eliable choice , is very at trac t ive unless active axial
su spension can be made f u l l y redundant withou t compromising
simplicity and re l iab i l i ty.

4. Redundant axial suspension , possib ly with ground intervention
by command .

5. A reliable high—speed touchdown bearing system.

6. Redundant motor—generator winding s If the wheel energy
storage function must be recovered .

7. E f f i c i en t , low—po wer suspension.

In looking at the actual realization of such a wheel system , several
points became clear :

1. Most realizations of activ e suspension electronics Include
severa l fai lure modes which result  in touchdown at high speed
with reduced chance of automatic recovery, but with ground—
commanded recovery capability . Very careful design in this
area may result in a low probability of touchdown ..

2. A radially passive , axially activ e (RPAA ) magnetic suspension
with a V—groove mechanical touchdown skid on the ball bearing
races gives a sim ple caging mechanism for launch; simply
remove bearing power or bottom the wheel actively.

3. The RPAA magnetic suspension results in a penalty ir sp inning
energy losses due to eddy current drag . Ther e is a great
deal of work to be dome in the area to minimize the drag .
Wheel balancing is importan t to minimize this loss. Low
s t i f fness  ratio (see below) is also important .

4
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4. The RPAA suspension requires a broadband audio frequency servo—
loop design wi th  possible comp lications due to acoustic resonances
of the  s t ruc tu re .  The loop bandwidth is approximate ly equal to
the t ime constant  where M is the ro tor mass and is the
axial negative spring constant of the passive magnetic suspension .
This loop must be designed into the structure of the satellite ,
and structural modes included In the loop design.

5. The axial spring constant K
A 

is about five to ten times the

pos iti ve radial spr ing cons tan t KR wh ich pass ivel y centers
the rotor . For lG operation and the required cross—axis rates

th is stiffness must be large enough to avoid touchdown .

The minimization of stiffness ratio is a development area with
big payoff.

6. The touchdown system is most reliable with small (several mils
to ten mils) clearances . This imp lies clearance S less than
some maximum , lim iting notions for  a fixed dis turb ing force
or torque , and so requ ir ing a high st i f fnes s  from the magne tic
bearings and a wide—band servo problem with acoustics to
complicate matters.

2
Cross axis torque: (K

R 
L_K

A ~~ 
> H ( 1—9)

lG suppor t: K
R 

S > MG (1—1 0)

Stiffness Ratio : - N ‘R 
5 < N < 10 (1—11)

Plugg ing in , f100~ 
-, f~ ~~ (1—12)

For S = 10 m ils , N 8 th is g ives f > 89 lIz , a range in which carefulLoop
des ign is required to avoid acoustics. Also , sensing elements at this band-

w id th mus t be ca re fu l ly designed to avoid noise p icku p and phase shift.

Notice that the cross—axis torque equation (1) puts a limit , no t onl y on
minimum K

R , 
bu t on the aspec t ra tio of the f r i n g ing r ings D/L , where D =

d iameter of r ing and L spacing along the axis between bear ings. For good

cross—ax is torque we need D/L << KR’1KA This determines the system axial

length.

5
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7. Nu tatiOn damp ing may be a serious limitation to wheel speed .
For damping at nutation frequencies in the suspension system ,
wide loop bandwidths (several to 10 times rotational rate)
are needed and wheel imbalanc e couples into the suspension to
produce losses. This area needs work for an imbalance—tolerant
system; composite wheels tend to suffer from balance problems.

Wi th these ma tters in m ind , the LL flywheel unit has been designed .
The following sections use it as a basis for system trade—off studies .

B. Energy Storage Only

The basic energy storage unit for a flywheel system is a pair of wheels
controlled to give zero total angular momentum . For minimum w 0.4, Eq. (1—7)

gives an accessible energy L~E = 0.84. This limit occurs because the motor—

generator is effectively torque—limited . At constant H, the torque required
for a power level P is

T I = P/ (u 1 + w2 ) (1 13)

This is maximum at minimum w.

The char acter istics of the f lywheel un it ar e listed in Table 1—1 . Note

tha t , for  power onl y ,  the flywheel accessible energy to weight ratio for the
rotating unit is a bit more than a third tha t of the rotor alone . Then , to

conv er t the power ou t to usable DC , the electrical efficiencies and weights
of mac h ine , electr on ics , and othe r components are estimated in Table 1—2. This
costs another factor  of two in available energy to system weight . However ,
the final figures are quite respectable.

The competitor battery systems fall into several classes . Batteries may

be NiCd or NiH2. They may be operated at various depth of discharge (DOD)

levels, with statistics for various resulting lifetimes . They may be operated

through charger and discharger electronics for a fully regulated bus, but this

eliminates the inherent advantage of a battery as a DC voltage source. The

tradeoff study shown in Table 1—3 presents the options. Option I represents

a NiCd lightweight battery with 50% battery—level redundancy, 60Z DOD , with

charger but no discharge converter, so that the bus floats at the battery out-

put voltage level during eclipse. Option II is a NIH2 battery on a fully

6
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I

TABLE 1-1

SINGLE FLYWHEEL CHARACTERISTICS

Rotor Type LL—30 LL-50

Ro tor , 10—in, radius , lbs. (Kg) 20 (9.08) 20 (9.08)

Moto r—generator , lbs. 5 10

Bearings , lbs. 10 10

~ -turn housing , lbs. 5 5

Sh,ift , lbs. 3 3

Miscellaneous lbs. 2 2

Total weight , lbs . 45 50

Speed range, RPM 16K—40K 20K—SOK

Max. Rotor I/fl, w—h/lb . 34 54

Max. Stored E, w—h (MJ) 680 (2.45) 1080 (5.89)

Available E, w—h , H 0.1 476 756

Available E, w—h , H 0 571 907

Available ElM , H 0 12.7 18.1

1.2 hr. Discharge Rate, H 0 475 755

Moment of Inertia , Kg—m
2 0.29 0.29

H, Angular Momentum , ft.—lb.--sec. (N—M—S) 867 (1188) 1084 (1485)

7 
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TABLE 1-2

2—WHEEL POWER-ONLY SYSTEM

DISCHARGING CHARACTERISTICS IN ECLIPSE

LL—30 LL—50

Output  powe: from wheels , W 950 1510

Generating machine efficiency % 96 96
Generating bridge efficiency % 92.5 92.5

Drag power from bus, W 20 2C

Suspension and control power from bus, W 5 5

Output power to load 819 1316

Total generating efficiency 7. 86 87

Bridge weight, lbs., .035 lb./watt 76 42

Control electric weight, lb., .005 lb./watt 3.6 6.0

Suspension electric weight, lb. 5.0 5.0

Total electric weight, lb. 34.6 53.0

Total system weight 124.6 153.0

Total system output energy (w—h) 1.2 hr. 983 1579

Total system E/M , w—h/lb . 7.9 10.3

CHARGING CHARACTERISTICS IN STJNL1GIIT, 10 HOUR RATE

Average drag losses, W 20 20

Suspension and control power, W 5 5

Wheel Input power, W 114 182

Motoring efficiency , motor, Z 94.5 94 .5
Motoring efficiency , bridge, Z 89.5 89.5

Total input power, W 160 240

Charging efficiency , Z 71 76

8
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TABLE 1- 3

BATTERY SYSTEM COMPARISONS

1.0 1Kw Sy s t e m

Option 1: NiCd batteries , 50% battery redundant , with charger but no

discharges , onl y d iode isolation and pro tec t ion , 6.8 w—h/lb.,

60% DOD .

Option Ii : NIl-I
2 

batteries , 20% cell redundant , with charges and dis-

charger for fully regula ted bus , 75% DOD , 14 w—h/lb.

Option III: NiH
2 
batteries , 20% cel l redundan t , with charger bu t onl y

outpu t isolation and pro tec t ion , 75% DOD , 17 w—h/lb .

I II III

Control  power , W S 5 5

Dischange efficiency .95 .85 .95

Total discharge power , W 1057 1181 1057

Stored E , w—h 1263 1417 1263

Charger effi-iency , c/lO .8 .8 .8

Heater power , W 40 40 40

Charg ing inpu t power , W 197 217 197

• 
. Charger and heater weight , lb. 21.7 23.9 21.7

(.11 l b ./ W )

D ischar ger weigh t , lb. 26 59 26
(.05 or .025 lb/W)

Total electronics weight , lb. 48 83 48

Battery weigh t w it h redundancy,  lb. 262 101 90

9

___________



regul ited bus, with 20% cell level redundancy and 75~” DOD . Option III, the

lig h t e s t , is Opt ion  I I  wi thou t the discharge converter .

The resulting figures in ‘fable 1—4 show system wei ght at 1 1KW load ,

system RIM , input charging load on the solar arrays , extra result ing solar

array weight , and total weight.

Based on these f igures , it is easy to see that either NIH2 or f lywheel
storage is much l ighter  than N iCd ba t t e r i e s .  Both are  developmental , but

NIH 2 is far more advanced and no heavier . Because of this , there does no t
appear to be good reason to pursue f lywheels  pur ely for energy storage.

Even the LL—5O system with its higher energy density does no t look much
better than nickel—hydrogen batteries .

Note also that the conditioning electronics become significant sources

of power loss and sys tem weigh t in bo th Option II and LL—5O . This implies

that the inherent DC voltage source nature of the chemical battery seems to

give lightweigh t NiH
2 

or similar systems an u l t i m a t e  edge over kinetic storage.

C. Attitude Control Only

A high energy density f lywheel should make a very lightweight momentum
wheel. At first glance , the optimization would favor a larger diameter and
lower speed for best momentum density . However, this tradeoff very quickly

is limited by the size of the wheel and the form factor of the enclosure. In

fact , simply by reducing the speed of an energy wheel by a healthy factor to

reduce the stresses gives a rather attractive momentum storage dev ice.

How much angular momentum is enough? Several criteria could be used .

For a LES—8/9 type biased momentum system, the maximum solar torque acting

over the 6 hours of uncontrolled yaw should produce a negligible yaw rotation .

Taking worst case numbers of 50 inicrofoot—pounds and yaw c = 1.2° gives a bias

requ irement of H = 2T/~ 0c 68 ft.—lb.—secs., a moderate figure , for daily

7.3 x lO~~ rad/sec .

Another criterion would be to avoid any thrusting due to the daily solar

torque variation. For a daily w0 we have

10
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TABLE 1-4

POWER-ONLY WEIGHT TRADEOFF

1.2 1KW-Hr. Batt ery

I II III LL-3O LL-5O

X 1.22 X .760

Total system weight, lbs. 310 184 138 152 116

System E/M, W—hr./lbs. usable 3.87 6.52 8.69 7.9 10.3

Input charging load , W 197 217 197 195 182

Extra solar array wt., .11 lb./W 22 24 22 21 20

Total Weight Penalty , lbs. 332 208 160 173 136

11
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cu 2T
= I T Sin w t dt = __.

~2. (1 14)J 0 0 U)
U ) t = O 0

0

For T = 50 p f t . — l b .  th is  gives txH 1.37 ft.—lb.-.sec. If this is to tip over

the wheel by no more than , say, 1.2°, this gives a momentum requirement

< 2 x 10 2 
rad ians (1—15)

or H > 70 ft.—lb .- sec . This is a moderately large angular momentum , as deter-

m ined in the next section. To avoid tipp ing over by 0.12° would require 700

ft.—lb .—sec., certa inl y a large wheel , about the size of the energy storage

prototype wheel (45 lbs.) using advanced flywheel technology .

One criter ion of angular momentum size is to ask whether , if all the

angular momentum of the wheel were suddenly transferred to the spacecraft , the

craft would survive. For a spacecraft moment of inertia of l0~ Kg—rn
2 and a

maximum recoverable body rate of 1 RPM (W — .1 rad/sec) this would allow

H = 100 N—rn—s or 74 ft.—lb.—sec, Another criterion would be whether the

angular momentum could change by, say, 1% and not seriously interfere with

operations . For allowable rates of .05°/sec. (w — l0~~) this would give

H = 100 ft.—lb.—sec., so the criteria are roughly equivalent. By these

criteria , any zero bias system will have small momentum , and the minimum

2.5 ft.—lb.-sec . bias is also small. A biased system avoiding daily thrust

is marginal. An energy storage system is large. -

To compare attitude control capabilities alone, consider four possibil-

ities. First , consider only a 10 ft.—lb .—sec. wheel with enough extra fuel to

last 10 years thrusting against daily solar torque variations . Second , consider

four 10 ft.-lb.—sec . reaction wheels with no bias momentum . Third , consider a

100 ft.—lb.—sec . wheel with conventional construction . Last, consider a LES—30

12
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wheel  scaled down to a 7—in , radius  and 5— lb . ro to r .  The system weight  trade-

o f f  and LES weight budget is shown in Table 1—5.

To arrive at fuel penalty weight , we have used a specific impulse of gas

of 100 secs., and a moment arm of 2.5 ft. Solar torque at 4T
0
/w for T

0 
=

50 jift.—lb . gives 3 ft.—lbs. per day for 3650 days totals 1.1 x lO~ ft.—lb.—sec .
0.4or 44 lbs. of gas. Wheel weights are taken from the rule M 7H which gives

a good fit to Bend ix wheel weights over a wide range, plotted on Fig . 1—2.

Note that the scaled—down LL flywheel is not that far in momentum or

weight from the Teldix MSR momentum ring , which was an iron rotor and 5—axis

active magnetic bearings with a hollow ring geometry to achieve high momentum

at lower speeds. (See Eq. 6: if R
1 

— R , then w can be half as large for the

same H.)

The resu l t of the tradeoff is clear: the we igh t and comp lexity of the
4—wheel Opt ion II is poor . The weight of Opt ion I ( small wheel , extra gas) is

slightly higher than Option I II  ( large conventional wheel) but both are f a r

heavier than Option IV, the advanced flywheel. The message is that lighter ,

longer-lasting momentum wheels can now be built and should be used .

On e other poss ib ility is very attractive for  a high—speed magnetically
suspended wheel . Magnetic gimballing of the flywheel rotor is possible without

adding any extra hardware , provided that the offset angle is small enough. The

Teld ix wheel with all active suspension can do this simply by chang ing the off-

set on the four cross—axis position sensors. A permanent magnet passive sus-

pension can also be modified to do this, but with more drag in the offset

(gimballed) condition perhaps. Rotation is limited by bearing gap geometry

to 0.5 to 1.2 degrees, depending on the design.

To allow complete 3—axis stabilization (no angle at all) the cross—axis

momentum must equal the integrated daily solar torque over a day . From our

~ssumptions and Eq. (10) we need 1.37 ft,—lb.—sec . Allowing 1.2° gimballing

gives a 70 ft.—lb.—sec . wheel (100 n—rn—a) which can be achieved with the

existing Teldix MDR momentum wheel . An improved subscale version of this

now has fully redundant windings for all bearings and motor , provid ing the

needed reliability for a long—duration version. Therefore, the MDR type

13
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TABLE 1—5

GPSCS ACS TRADEOFF

.1.

S ingle 10 FPS 4—10 FPS 100 FPS LL-~3O

Wheel Whe els Wheel Wheel

Bias momentum — 10 0 100 100
Ft ,—lb . —sec .

Weight , 1 wheel 20 20 50 15
Weight, all wheels 20 80 50 15

Wei ght fuel penalty 44 0 0 0

Total weight 50 80 50 15

Structure Penalty Weig ht 0 20 0 0
Elect,  weight 5 20 10 10

Total Weight 69 120 60 25

Comp lexIty good poor good good

15—lb. 100 FPS Wheel LL—30 Variety—Weight Budget

Rotor 40K RPM , R — 7” M 5.0 lb. ELM — 16 
W_H

/lb.

M/ G 2 .0  lb.

Mag bear ing 3.0 lb.

Housing 3.0 lb. -
Shaft  and misc . 2.0  lb.

15.0 lb.
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Fig. 1—2 . Momentum wheel rotating unit tradeoffs.
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wheel at 70 ft .—lb .—sec . with redundant wind ings is probabl y the best candi—

date for a general—purpose platform with 3— .ixls stabilization and low fuel

utilization.

Th~ unit weighs only about 20 lbs. and has no wea r—out  mechanism w h i c h

appears worse than electronics reliability for long—term use in space. The

only sing le—point failure would be a short between turns in the motor or

bearing coils , so these should be carefull y inspected and tested and treated

as a mechanical defec t rather than a random electronics failure. The unit

would be ab le  to ope ra te  over a much wider  range of t empe ra tu r e s  than prev ious

b a l l — b e a r i n g  sys tem s , and would t h e r e f o r e  allow a simp lif icat ion of the

satellite ’s thermal control.

Table 1—6 gIves requirements for such a wheel. Figure 1—3 shows construc-

t ion of an MDR type Teldix wheel , similar to that proposed here. The Teldix

MDR wheel with Increased g imbal l ing ang le and fu l l  redu ndancy in all coils and

w i n di ng s  r ep resen t s  the best genera l—purpose  f u l l y  s tabi l ized p l a t f o r m  ele—

ment  p resent l y near comp lete development.

D. Fl ywheel Energy Storage and A ttitude Control

The basic f l ywheel energy storage and attitude control unit consists of

two wheels with axes carefully al igned , spun in oppos ite direc tions to g ive

the  desired angular momentum and energy combin-ition . Note that only the

control law is different from energy storage alone. Associated with each fly-

wheel are generat ing and motoring electronics and suspension electronics.

System control electronics are common to both wheels and create wheel speed

change commands for the wheel motor—generator electronics.

At any given instant of time, the system controller desires each of the

two wheels to be running at a given speed to contain the correc t total energy

and angular momentum . Figure 1—1 g ives the relat ionship between the wheel

speed s 
~ 

and 
~2 

and the angular momentum and energy of the system . All  quan-

t i t i e s  are normalized to the max imum speed ~~, Note that , since the motor—

generator  is designed to operate over a l imited speed range ( nominall y .4

only the upper right portion of the plot Is useful. At constant stored energy,

16
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TABLE 1-6

REQUIREMENTS FOR LES MOMENTUM WHEEL MAGNETIC BEARINGS ,

ELECTRONICALLY CIMBALLED BASED ON TELDIX MDR WHEEL

NOMINAL MINIMUM REQUIREMENT

Eng lish MXS

Angular momentum > 75 ft. —lb.—sec , 100 N—M—S

Momentum range > ± 10% 10%

Electron ic gimballing > 1.2° 20 mrad
Momentum component > 1.4 f t . — lb .—sec , 2 N—M—S

Slewing rate > 5°/sec. 0.1 rad/sec.

Ginball ing torque > 3.5 f t . —lb.  5 N—M

Motor torque > .035 ft.—lb. .05 N—M

Nom inal speed > 16,000 RPM 16,000 RPM

We ight , no elec tronics <‘ 22 lbs .  10 kg

OD < 12 inches .3 m

Height < 8 Inches .2 m

Power , steady state , OG <‘ 10 W 10 W
Cag ing for launch Yes Yes

Suspension Electromagnetic , 5—axis active
touchdown ball bearings

Motor DC brushless

Redundancy All motor and suspension windings.
No single—point failures except
coil shorts or mechanical failure.
Automatic fault detection and recovery.

17
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0

Fig. 1—3. Magnetic bearing momentum wheel , type  MDR.

18

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ -~~~~~ -~~~~~~~~~~~~~~~~~~~~~~~~~~
‘
----



the system operates along the circular arcs centered on the origin to vary

angular momentum . Such variations wou~ d be qu ite sma ll for  a sys tem wi th

large bias. (Typ ically H/ I .r~ .1 , tw/ ut1~ ‘ .01.) At constant  momentum , the

system energy is charged and discharged along the straigh t lines wi th pos it ive
slope shown . Note  tha t  fo r  these values wi th  H / I u ~ 0 , t~E/ I~~ — .84 or 84%

of the maximum sto red energy is accessible. For H / I W M — .1, this reduces to 70%.

It Is comforting to know that such a system has no unusual s t ab i l i ty  prob-
lem s , and indeed thc control system shown in Fig . 1—4 represents a f i r s t — c u t  at

a stable control system diagram allowing energy and momentum management with

relatively simp le topology.  Such a system could have perhaps 10—sec . transi-

ent response times to disturbances, with a second—order response and adjustable

damp ing ratio . In reality such a system must be carefully modeled to include

the attitude control system in detail .

Two o ther  areas of concern are speed control  and wheel a l ignment .

Speed Control

Our control system requ ires that the speed of the wheel be measured

wi thin T = .5 sec . Can it be done accurately enough in that time? Assume

the motor—gene rator has N poles which are sensed as they pass. Assume a

I Mh z = I clock counts the interval between poles, so tha t in T seconds we

r ec eive f ~ counts  and the wheel rotates  N /2ir T poles , cu m 2ir (RPM)/60.

W e can then measure e~ within one part in fT , which for our numbers is

~ ‘ iü~ . Th is is well within the stability of a good clock (parts in 10
8
)

and sets the angular momentum within the same accuracy for  cons tan t wheel

Ine r t i a  I . An error of Il/fT in angular mom entum causes a satellite rate
3 2 3of ~ H/ I  f ’~ which for our numbers ía I — 10 Kg—rn , H — 10 N—H—S

S S l~ S
—

= 2 ‘ 10 which is well below the operational requirements. Withou t

feedback , however , knowledge of I within this accuracy is unlikely. There-

f ore , If the ACS loop Is not closed , satellite rates of w — HAl /1 I may

result.

19
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Fig. 1—4. Wheel speed contro l loop d iagram.
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For / l0~~~, w — lO~~ or .05°/sec . may result.

For a turn mode at .5°/sec., a 10% err or will result. Stationary constant

speed operation for several minutes would result in several degrees drift unless

/1 were measured and compensated for.

Al ignmen t

If the two wheels of a pair are misaligned by ~ rad ians , the discharg-

ing of the wheels during eclipse could transfer .66 H h e l  angular momen tum to

the satellite over 1.2 hours would result in an uncorrected rate of

.66 H
= 

wheel
(A) 

(1.2) (3600) (H bias)

For 6 = .01° = 2 ‘ 1O~~ rad , which appears practical for a magnetic bearing

system , we get with Il
bi 

= 0.1 11wheel’ ~~ 
= .06°/l.2 hrs . = 1.4 / lO~~ d eg ./

sec . = 2.4 / 10 rad./sec ., quite low. This momentum is perpendicular to

the base momentum of the satellite, so the amp litude of the resul t ing mo t ion

is limited to 1.26 H /11 . This gives .12° maximum motion , wh ich is qu itewheel b ias
acceptable if the above alignment 6 can be achieved . Parameters of the combined

f u n c t i o n  f l ywheel system are shown in Table 1—7.

The resu l t s  of the sys tem t r a d e — o f f  stud y are shown in Table 1-8. The

op t ions  fo r  power sys tems are  ba t t e r i e s  I (NiCd , no discharger) and III (NiH 2,
no d ischarger )  f rom the power s tudy ,  and the two LES f l ywheels with built—in

momentum storage. Momentum wheels for the battery systems include four 10 ft.—

lb . -sec . whee l s , one 100 ft. —lb. —sec . wheel without redundancy, one 10 ft.—lb. —

sec . wheel plus extra gas , and a.lO0 ft.—lb .—sec . wheel based on LES technology .

The resu l ts show , as expected , tha t  all NiCd systems are very heavy. The

dif ference in wei gh t be tween the lightest NiH
2 
system and the lightest LES—5O

f l ywheel system is 44%, which shows the magnitude of payoff in technology

investment here. The LES—30 flywheel is 29% lighter than a NiH2 system with

conven tional wheel.
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TABLE 1-7

WEIGHT AND POWER BUDGET FOR COMBINED POWER AND ACS FLYWHEELS

Assume 2 Wheels Total, wi th  H’ — 0.1:

34 W—H / lb . 54 W— H/ lb .
Characteristics of 1 Wheel:

O.D. of rotor , in. 20—In. 20—in.

RPM Op. range 16K—40K 20K— 5OK
Rotor Mass, lb. 20 20

Max . stored E , w at t— hr s .  (MJ) 1360 (4.90) 2160 (7.78)

M/G weight, lb. 10 20
2Inertia, Kg—rn

Available H , net ang . momen tum , 867 (121) 1084 (152)
f t — lbs.—aec. (N—M--sec.) 89 111

Mag . bearing and touchdown Vt., lb. 20 20

Vac . housing, lb. 10 10

Shaft, lb. 6 6

Misc., lb. 4 4

Rotating unit ‘it., lb. 90 100

Available E, W—R 952 1512

Available E/M W—H/lb . 10.6 15.1
1.2 hr. discharge rate, watts  792 1260

Eclipse Budget per 2 Wheel System

Generator efficiency (%) 96 96
Bridge eff iciency (%) 92.5 92.5
Drag power f rom bus (W) 40 40
Suspension end control power 10 10
Outpu t power to bus (W) 653 1069

Generating efficiency (Z) 84 85
Output energy to load (W—h) 784 1282

Bridge weight .035 lb. /W 21.4 34 .4
Control electric weight .005 lb./W 3.0 5.0

Suspension electric weight (lb.) 5.0 5.0

Total electric weight (lb.) 29.4 44.4

Total system weight, 2 wheels 119.4 144.4

Total System E/M (W—H/lb.) 6.6 8.9
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TABLE 1-1 (Cont ’d )

Su n Load Budget per 2 WLeels—Charging, c/10 hr. Rate:

34 W—H/lb. 54 W—H/lb .

Maximum drag 1os~.es (W) 40 40

Suspension and contiol (W) 10 10

Wheel input power (W) 152

Motoring efficiency , motor (7) 94~ 94.5

Motoring efficiency, bridge (7) 89.5 89.5

Total input power (W) 172 239

Charg ing ef f i c i e n c y  (%) 55 64

I.

I
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~1ote , howeve r , that there are two ways to minimize weight once the NiCd
battery choice is elim inated . One can go to a flywheel storage system of
advanced design for the lightest option , or use the f l ywheel technology to
build a light momentum wheel , shown as the LL 100 FPS wheel . This second

option is far easier to achieve, and gives half the payof f  of the lighest
choice. The key parameter becomes high wheel speed , resulting in low weight .

For long l i f e , this requires magnetic bearings. Such systems are clearly

available in t h e time frame of 1980 (see Teldix MDR momentum wheel) even with

steel rotors. The addition of composite rotors then makes energy storage

feas ible , but this can come later .
Integration of a flywheel system as opposed to a ba ttery and momentum

wheel combination presents advantages for each. The flywheel approach repre-

sents a single subsystem to be built or purchased , tested , and integra ted
instead of two separate ones, representing savings in cost and manpower and

perhaps resulting in more intense ref inement for the same resources . However ,

power and attitude control now interact intimately. Probably two sets of

f l ywheel s would be d esirable , one for  ACS system tests and one for  power sys tem
simulation. The reliability of the final system is affected both ways also in

that there is only on’- subsystem to fail rather than two . Since failure of

either would probabl y end the m ission , this is an improvement. However , making
the f l ywheel reliable depends upon the solution of the key design problems
d iscussed elsewhere.

In summary , the f l ywheel energy and attitude control system is ligh ter
than any other currently available alternative. It matches the expected

longev ity of N iH
2 
batteries . It represents a large technology investment for

rela t ively small weight improvements over MiH
2 

battery systems. However , much

of th is technology should be developed anyway to produce lightweig ht , magnetic-

all y suspended momentum wheels. Therefore , t he technological p rog ress of these

s i g n i f i c a n t ly d i f f e r ent ro ta t ing  machin es can be phased into a lower—risk
program with tangible short—term rewards.

It makes sense now to develop a lightweight , perhaps electronically gin—

balled , internally redundant high—speed momentum wheel. With that in hand ,

ene rgy storage can he studied later .
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I I .  TECHNOLOGY SURVEY

The following section details the state—of—the—art of each flywheel

component.

/ .  Ro tor

For any given system parameters , f l ywheel sys tem energy density is

roug hl y propor t ional  to that  of the ro to r .  The energy per un i t  weight which

can be stored in a flywheel rotor is directly propor tional to the allowable

stress to density ratio obtainable in the mater ial. For an isotrop ic cons tan t

st rength material , such as some metals , the mathematical solution to a constant—

st ress optimized wheel derived by St odola in 1924 s tI l l  represents the state-

of—the—art. This gives a wheel with thick hub with an exponentially thinning

rim , which is truncated in various ways for a practical design. However , real

materials are not uniform in allowable stress because their properties vary

with thickness due to the hardening and forming processes used . Therefore , a

bette r optimum could be realized by including this dependence in the mathe-

matical optimization of the shape. However , there is little reason to believe

this  op timum will sign if icant ly improve on the present designs (8 W—H/lb .

obtai ned with t i tanium Stodola wheels) . One such wheel system with  mechanical

bearings was developed by Rockwell and delivered to NASA/Lang ley RC this year .
Composite filament wound materials are anistropic ; their properties

(st rength , s t i f fnes s, etc.) vary with orientat ion.  Tensile strength is very

high in the direction of fiber length but the normal strength and shear strength

are quite small. Therefore, it is possible to create thin hoop—shaped struc-

tures by filament or tape winding processes which have primarily circumferential

strength. Thin hoops have been built and tested which demonstrated 80 to 90

wat t—hours  per pound using Keviar. However, attempts to make the hoop radially

thicker produce radial stresses in the weak direction and failure occurs at

lower energy densities. This is often aggravated by locked—in thermal radial

stresses due to processing problems.
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The result is that disc or hollow cy l inder designs tend to break rad ially
if a significant frac tion of the circumferential design strength is used .

~imp1e solid circunferentiall y wound discs of Keviar composite actually have

not achieved as good an energy dens ity as isc-tropic metal wheels. S—glass ,

which has somewhat better transverse characteristic s due to a more developed

method of bond ing fiber to matrix , does somewhat better but is still not

impressiv e for solid discs. Goodyear Aerospace is now working on impr oved

r~~trix characteristics for Keviar wheels.

One approach to  solvir.g this problem is to put an outer radial fiber

wrap of Kevlar on the rotor after the circumferential inner hub is cured .

This  adds some radi al streng th and hel ps carry the rad ial load s on the inner
matriy . material. Currently,  Rockwell is attempting this for NASA/Langley ,

so far withcut success beyond 5 watt—hours per pound . At present , it is no t

clear that the outer wrap does not create more problems than it solves by

in troducing discortinuities in the rad ial properties.

A second approach being tried is to build up a radially thick structure

out of thin hoops which are discontinuous and thus strain—relieved at their

interfaces. By using a number of concentric thin hoops in a bicycle—wheel

“haped assembl y with flexible spokes, Carrett—Airesearch Corporation has

achieved an impressive 17—wat t  hour per pound performance on a number of

Keviar rotors storing from tens of watt—hours to several kilowatt hours.

The precise a~cthod of bonding concen tric rings toge ther at Garrett is propri-
etary but involving preloading fiber tension and ring interference fits held

together by friction . However , these structures were test devices and need

to be evaluated for flight criter ia. A variation of this approach using

concentric rings of different properties tied together with elastomers has
been plagued with dynamics problems. Dynamics problems broke the wheel—hub

bond in the Garrett wheel.

A third approach is to weave the fibers in the rotor in different direc-

tions so as to give the structure strength in the radial and axial directions

as well as the circumferen t ial. This requires a 3—dimensional “polar weave”
capabil ity which General Electric ’s RESD facility and others have developed
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I or i i~~~~~- -on :. . (1-. lci s produced  several Kevlar ro tor s  of this design and

s to  ;o h i ’! - /,() watt—hours ~o’r pound w ith them , hut  have not  ye t  t es ted

the-rn beyond the 5 w a t t — h o u r  per pound love]  . h - s t  ing to the hi gher level was

schjedu led or l i e -  rifle r , 19 7 6 .  T h i s  may aJ.:,o be a v iab le  s o l u t i o n , but  is ve ry

• - X  J ) t l1 Si V t

A I o i i r t l i  v a r  i ; i t  i o u , used b y AVCO and developed to about  the  same p o i n t

ove r i t o u i ~y - r  p e r i o d  of t ime , b u i l d s  up a r a d i a l l y thi n ’ f l y w h e e l  b y u s ing  a

t w o — d i m e n s i o n a l  w -a’~r to  get  c i r c u m f e re n t i a l  and r a d i a l  st r en g t h  and then larn-~
m a t - these t o g e th e r  a x i a l l y .  These sepa ra t ed  f r o m  t h e  hub a t  8 watt—ho urs/lb.

Al  1 f o u r  of t hese  approaches  are c u r r e n t l y  unde r  tes t  and should show
2() t o  4() watt—hour per pound p e r f o r m a n c e  if desi gn e x p e c t a t i o n s  are ach ieved .

Many of the current tests are motivated by U. S. Army F t .  B e l v o i r  con t r ac t s  f or

m o b i l e  e n e r g y  s to rage  devices  under  the  MERADCOM progr am .

The most p r o m i s i n g  cu r r en t  e xp e r i m e n t s  w i t h  a n i s t r op i (  ro tor  desi gn are

b e i n g  done a t  Johns Hop kins App lied Ph ysics Laboratory. Using bare filamen t

K e v iar  and o t h e r  m a t e r i a l s , ro to r s  ;ire wound without glue on a metal hub.

Spokes of the same m a t e r i a l  a re  wrapped through the hub and around the pen-

phon y, then g lued  to g ive some r ad i a l  and ax i a l  s t r e n g t h  to the wheel . The

r e s u l t i n g  r o t or  i s  attached ~o a th i n s h a f t  w i t h  a m e t a l  and rubber shock

m o u n t  to a l l o w  s i - I f — c e n t e r i n g . R e s u l t s  have reached ‘U] to  40 w a t t — h o u r s  per

pound In  t h i s  s o l i d  d isc  c n n f i g u r ;t t  ion , in spite of p r o b l e m s  in  bond ing  spokes

t o  c i r c u m t t - r c n t  l a l s . I)ue to the lark of g l u e  on t h e  t - i r c u m f e - r e n t i a l s , the

p o t e n t i a l  hoop s t r e n g th  is n e a r l y  doub le  o the r  de s igns .

I n  s u m m a r y ,  the compos i t e r o t o r  r e p r e s e n t s  a t e c h n i c a l  r i s k  but appears

w e l l  wor t 1 : s ( u 1 e -  as a wei g h t — s a v i n g  advan t age  and an advance  in  the  s t a t e — o f —

t h e— a r t f o r  en e r g y  s t o r a g e .

B. ~~~~ietIc Bearinj~~

The m a g n e t i c  b e a r i n g  represents  a q u a n t u m  i mp r o v e m e n t  in the long—te rm

r e l i a b i l i t y  and lifetime expectancy of high—speed spinning assemblies . A

o u m b i n a t  i n n  of  permanent  magne t  ics and e l e c t r o m a g n e t s  Is used to l e v i t a t e  a

r o t o r  be t ~~c-en tb ’  poles of the  magni  l i e  b e a r i n g . The r e s u l t i n g  s t r u c t u re  has
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r.r~ c o n t a c t i n g  s u r f a ce s  to r e q u i r e  l u b r i c a t i o n . The bear ing r e q u i r e s  e l e c t r i c a l

;a. -~;er onl y to c o u n t e r a c t  d i s tu rbances  and can be operated wi th  no stead y — s t a t e

‘1~~5~~i l a t i O f l  at  i ts  b ias  p o i n t .  The bea r ing  is l imited in f o r c e  d e n s i t y  by the

r~.a~ n e t l c  s a t u r a t i o n  c h a r a c t e r i s t i c s  of i r o n , so t ha t  size , weig ht  and ground

power are  dor inated b y the  need to suppor t  the  ro tor  d u r i n g  t es t ing  in a

env I ronnuent.

I t  a d dit i o n , a magne t i c  bearing is a “ so f t ” suppor t  in tha t i t s  r e s to r ing

‘ pr i n g  cons t an t  is re la t ive ly weak compared to mechanica l  bea r ings .  T h e r e f o r e ,

s u c h  a sys tem i s  cha rac te r i zed  by c learance  dimensions  mea sured in n u l l s  or

tens of n u l l s , r a t h e r  than the ten s of m i c r o — i n c h e s  t y p ical of convent ional

h a i l  b e a r i n g s .  Such s o f t  bearings e f f e c t i v e l y  i sola te  rotor  f rom moun t ing

when imbalance v ib r a t i ons  occur . Also , they allow a r e l a t ive ly crudel y bal-

anced rotor to sp in about It~ princ ipal axis with minimum effec t on the system

p e r f o rm a nce .  However , the  low s t i f f n e s s  places limits on the al lowable cross—

ax i s  spin r a t e  which  causes lateral torque  on the sp inn ing f l ywheel .

At p resen t , several gyro  and momentum wheel vendors are  inves t ing  in

r r . i g n e t l c  hear ing  technology to app ly these bearings to iner t ia l  naviga t iona l

sy st e m s and l a rge  momentum wheels.  Cambion Corporat ion , which invented the

r~a~ net i c  bear ing and has accumula ted a long record of innovat ions  in t h i s  f i e ld ,

I’, r e t r o f i t t i n g  several wheels for Bendix in hopes of interesting some custor ~ers

of Bend ix sy stem s in an exper imen t promising longer l i f e t i m e s  and eventually

h i ,~her speeds. Sperry—Rand Corporation , Fl igh t Systems D ivis ion , has develop ed
a cor u s i ee r a b l e  in—house magnet ic  bear ing capabil ity and is rap idl y d evelop ing

t~~ -se hea r ings  f o r  i ts  momentum wheels to ex t end thei r  l i f e t ime.

Most work  a t  Spe r ry  has been w i t h  rad ia l ly passive , ax ia l ly  act ive perman-

en t  magne t  s y s te ms  fo r  momentum wheels.  However , the  wide servo bandwid ths  and

associated s t a b i l i t y  problems of these systems have caused recent work to be

directed at 5—axis active electromagnet systems.

Aerospatiale (France) has developed a permanent magnet bearing for a

momen tum wheel with a composite rotor. This rad ially passive , axially active

system has realtivel y high input power requirements, due in part to the imbal-

ances from a composite rotor and in part from the many magnetic components In
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t h is  des i gn .  It  inc ludes  a pass ive  m a g n e t i c  damper  fo r  o s c i l l a t i o n s  abou t the

t r a n - .verse d i r e c t i o n s .  Th i s  wheel dc- s ign  i s  an a m b i t i o u s  use of several new

tec~iuioiug ies , with a ra l l ie r  comp lex imp lementa t ion . It  is the most developed

u n it  of its kind , and has been qualified for COMSAT .

T e l d ix  ( ( ;er m any)  has a m e t a l  wheel w i t h  s—axis  ac t ive  magnet ic  bea r ings .

‘I b i s  allows l i m i t e d  m a g n e t i c  g im b a l l i n g  of the  ro to r  by changing the set po in t s

of the t r a nsv e r s e  p o s i t i o n  loops.  The l i m i t  is the maximum gimbal  ang le , done

to smal l  c l e a r a n c e  in the  m a g n e t i c  gaps. The ~DR series wheel at  100 ~i— M— h has

a 1/2° g imbal  c a p a b il i t -,,  and has many coi ls  f o r  sensors , bear ings , and moto r

w h i c h  a re  sing l e — p o i n t  f a i l u r e s . However , eng ineering radia l  wheels w i t h  1 .2 °

g in ibailing and f u l l y r edundan t  coils have been bu i l t  (no t  qua l i f i ed )  and demon-

strated automatic fault correction. The MDR wheel , f l ight qualified for COMSAT ,

appears to be a very well—eng ineered unit , clearly implemented and easily

in spected or repaired . The bandwid th  of i ts  servo loops is set by the  wheel

n o t a t i o n  f r e q u e n c y ,  and is not  too much lower than the  comparable p ermanent

magne t  sy~ t cin due to hig h ( 16K rpm) wheel speed . Other  m a n u f a c t u r e r s  of }.i gh—

speed r o t a t i n g  equ ipment  a r e  mov ing more  slowly in appl y ing these bear ings .

A f u n d a m e n t a l  s t a t e m e n t  derived f r o m  Maxwel l ’ s equat ions , known as

Earnshaw ’s Law , s ta tes  t ha t  no s t a t i c  assembly of permanent  magnets  and fe r ro-

magnetic materials will suspend a dev ice in stable equilibrium . This means

t ha t  a t  least  one degree of freedom of the  rotor in a magnetic bear ing system

mus t  be s tab i l ized  b y ac t ive  feedback e lec t ronics .  Passively s table behavior

can be obtained ax ially (along the sp in axis)  or r ad ia l ly (perpendicular  to

the  sp in axis) but  not both . For energy storage , it appears that a pass ive—

rad ia l , ac t ive—ax ial sys tem will allow f u l l y redundant electronics and

electromagnets  to be used wi th  a sim p le arrangement  described in Sec t ion 4 .

The radial l y passive con ta inm en t can be ach ieved with permanen t magne ts
while e lec t romagnets  at each end of the sha f t  are used for  axial stabiliza-

t ion. Proper design allows either electromagne t to perform the fu nction If
one should f a i l . Key design parameters  a r e  low weight and real izat ion of

the  p o t e n t i a l  f o r  low power . This  desi gn represents state—of—the—art engin-

eer ing using Samarium—Cobalt’ permanent magnet mater ials in ways which do

not exceed their limited stress capabilities.
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C. Touchdown Bearings

The m a g n e t i c  hea r ings  would not  be designed to w i th s t and  launch v i b r a t i o n

and shock , power f a i l u r e s , or a cc iden t a l  t es t  handl ing mishaps .  These loads

would he absorbed b y a “ touchdown ” or backup ball  bear ing which  makes no con-

t act  with the rotor under operating conditions , but prevents contact of the

magnetic components and comp lete failure in case of mishap. This hearing will

r e q u i r e  c a r e f u l  des ign to avo id br ine l l ing  or breaking dur ing a hig h—speed sp in

down , i t  m u s t  w i t h s t a n d  h igh  acce lera t ions  wi thou t  sig n i f i c a n t  d e t e r i o r a t i o n .

For la rge  energy  wheels , th i s  bearing represents  a development i tem which

Sperry , Bend ix , or Draper  Labora to r i es  can desi gn wi th  ex is t ing  technology and

is an eng ineer ing  development  item of re lat ively low r i sk .  For smaller wheels ,

the  presen t  MIT /L L des ign is adequa te .

1) . M o t o r — G e n e r a t o r

The desi gn of small , l ight , e f f i c i e n t  motor  generators  is an a r t .  This

a r t  is unders tood b y a number of manufac tu re r s  includ ing GE and G a r r e t t .  The

key to th i s  desi gn is the  use of Samarium—Cobal t  magne t s  on the  ro tor  w i t h o u t

exceeding the  s t r e ss  l i mi t s  on the mater ial , and the min imiza t ion  of edd y cur-

rent losses in the stator wind ings without sacrif icing efficiency . Seventy

percen t cyc l e  e f f i c i ency fo r  a 10—hour charge , 12.8 hour coast , 1.2 hour dis’•

charge  is des i red . Rockwel l ’ s f l ywheel uses a GE design and achieves adequate

mo to r -gene ra to r  pe r fo rmance , so there  is no reason to expect a technical  r i sk

in  thi s item . The cur ren t e f f o r t  w i t h  Spe r ry  is reported elsewhere , and is a

be t t e r  so lu t ion  to the  problem .

E.  S h a f t  and Housing Design

The s h a f t  and housing fo r  the f lywheel  system represent  a s ignif icant

par t  of t he  sys tem weig h t .  They a re  to providc r igid mount ing  support  for

wheel a l i gnmen t , es t imated to be tens of arc seconds to avoid a t t i t u d e  control

i n t e r a c t i o n  ~ i th  power demands , and also provide  a vacuum enclosure fo r  ground

t e s t i n g . There  is no doubt  tha t  these can be b u i l t .  Use of composite  mater ia l s

f o r  l i g h t e r  wei ght  and perhaps f l ywheel f a i l u r e  con ta inment  w i l l  be considered

hut may be a techn ical r i s k .
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III . ROTOR ANALYSIS

A. Or thot rop ic Rotor , Analytical Analysis

Equilibrium equation :

k-6-1e9091 ~~
-
~~

- (hra ) - ha
0 

+ pw 2hr 2 
= 0

_  

_ _  Corn tjbjhjt~~~~~~ ti0~~

Fig. 3—1. Orthotropic rotor geometry.

Stress-strain (plane stress):

C
r 

= 
~~~~~ ~~r 

- V a 0 ) ,  C
0 

= (a~ - V0 G )
r 0

Introduce the stress function, 4 :

h a  = ~ , ha0 = ~~~~~
. + pu 2hr2

and eliminate c
~
, c0 

from the compatibili ty equation, by means of the stress-
strain relations :

r [ ~~~ 
~~~~ ~~~~~

. + p~~~r
2 

-

- .1. 
~ ~~~~~~~~~ 

- V - V p W 2
i’

2 ) = 0
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11 ’ s , t, , , U are constants:
~u r ~) r

r 2uC’ ru4~~ Fl - + - 
~~

— r~

h 
U 0 2 3

+ u~ 1v 9 h— r - 
~~~~ 1 = -(3 + 

~~~ 
U )  OW r h

In  the  genera l case (neg lect v a r i a t i o n  of

2 -~~ - 
E 0 

E0 h
r u p

h 
L
0 

E
6

+ up IT r + r -r—_
~ 

-

0 r

E
0 

E0 2 3
= -(3 - r

~~
_ _ + i_v

r 
ow r h

0 r

Nm!;: I f  h ~‘ r , c0 
r , tO /e r 

const , the equation remains equidimensional

CASh 1 : h = const . (=1), CO, cr~ 
V n~ Vr cons t.

+ r up [1 - v0 + 
i~~~~ 

‘y r ’ 
- up = + 

~~~ 
V~~) pw 2 r 3

E
Let V

~ r’ ‘hr’ 
= f l

r r

2 3
r’~j ( + r ~j 1  [ 1  - V

0 
4’ V ]  - = ~~~~~~ + pw r
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Let : Z = 9n r;

2 3 Z
4) + i p  ( U

r~~~
v
0
) _ f l 4 , = _ ( 3+ V

r
) O w e

( ( . . . ) _ — )

Gene ral notat ion :

tZ
1

Z ci
2
Z (3+~~ )p c~t e

3Z
C1e + C

2e 
— _ _ _ _ _ _ _ _ _

9+3 (Vr
_ V

0
) _  r~

1 ‘\~ 1 ‘u~~ 2a1 
= 

~ (v
0
- v )  + ‘7~(v 0

-v) + r~

1 ‘~-~ /1 ‘~- 2
a2 

- (v
0 

- v )  — 
P ~‘(V 0~ Vr ) + r~

or

2
a1 a2 (3+V )  Ow

4, = C~,r + C
2
r — 

,~~

9 + 3(v —v
6
) —

4, finite at r 0 
~~~~~ > 

C2 0

( 3+v ) pw 3-a

~P 0 a t r — a  ~~~~ c1 — — 
~~,

~ + 3
~
’
~
’r ’~0~ 

—

H enc e:

a
4, f~( (r / a )  ~‘ — (r / a)~~)

2 3
(3+v ) pw a

f 3 -
~ + 

~~“r ”ø~ 
—
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and :

-

~~ a1
= r~~

(t/
~~ 

— (r /a)  ]

° 
a1—1 2 2 2

= — 3(r /a )  ] + pw r

1 “~ 1 ‘s 2
a1 ~~~~~~~~ 

v )  + ‘
~
‘(V

~
_V

r
) + r~

2 3
(3+v ) pw a

9 + 3(v —v0
) —

E
0

V V -i-- , n — E
0/E

B. Bare Filamen t Rotor Analysis

1. Basic Assumptions

The conf iguration of a bare Kev lar fiber flywheel under stead y ro ta-
tion is determined in this section . It is supposed that the evenly—spac ed

rad ial spokes are inextensible , although the following analysis may be readil y

extended to include spoke comp liance. Furthermore , the individual fibers compos-

ing the circumferential windinga are assumed to be mutually nonin terac ti ng

(i.e., no contact or friction forces are generated between fibers) so tha t they

may be considered separately. Finally, each fiber is approximately a homogene-

ous elastic string with zero torsional and bend ing rigidity.

In the- next section , the equations for the steady rotary motion of a string

are assembled and the boundary conditions for the bare fiber fl ywheel are der ived .

Next , the approximation which neglects the compliance of the fibers is justified ,

and exp lici t results are obtained for the configuration and tension distribution .

After presenting certain useful approximations , we conclud e with a calculation

of the loads imposed on the spokes by circumf erentia l wind ings.
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2. Equations of Steady Rotary Motion

Following Ref. ( 1), th e general equations of motion of a homogeneous

elas t ic str ing may be listed as fo1l~ws:

I i\ / ~ i i
-p ’— ( T - ~~- - ) — m(-~--+  ~~-~— ) (~~~~

— +  u -~ -—)+ F1 = 0 ( 3— l .a )
~)s \ ~s / \at  as1 \ at  as /

Tangent Identiti

+ -

~~~~

-

~~ 

= 1 (3-l.b)

Mass Conservation Equation

-~~~~ + 
a(mu) 

= (3—l.c)at as

Stress—St rain Relation

m — m0 exp(—kT) (3-l .d )

where ie  define:

a arclength  of st retched st r ing (m easu r ed f rom an
at tachment poin t)

— arclength of unstretched str ing

inertial position vector of a st r in g poin t

u tangential component of velocity of string poin t at
fixed a relative to a poin t at fixed a.

m lineal mass density of stretched string

m — m (T—0) lineal denstiy of unstretched string

T tension

k axial compliance of string material
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and where F 1 is the  e xt e r m a l l y  appl ied  fo rce  per u n i t  l e n g t h .  Since the  i n t e r —

a - t i o r i  of earh fiber with other fibers is neglected , 1,1 
— 0 in th is  ana lysis .

Also note that the stress—strain relation imp l ies the use of the logarithmic

or n a t u r a l  s t r a in  and Is v a l i d  for  f i n i t e  s t r a i n .

Consider the steady rotary motion of the flywheel with angular speed ~~
‘

abou t the  f l ywh e e l  axis .  In th i s  case , each f iber  wi l l  l i e  in a p lane  norma l

to the  r o t a t i o n  axis .  Because the motion is s teady,  u vanishes and , accordin g

to  the mass (-onservation relation , m is independen t of time . The acceleration

of a st r i n g  p o i n t  thus becomes:

a 2 ’  
~2 i— a i x

at

Ad opting polar coordinates (r, ~u) in a plane rotating with the flywheel , the
equa t ions  of not ion become (see Refe rence  (2 )  for comparison).

Radial Momen tum :

(Tr ’) - Tr~~’
2 
+ nifl

2
r 0 (3-2.a)

Circumferential Momentum :

[Tr 2
~ ’] = 0 (3 -2 .h )

Tangential Momentum :

T ’ + m.Q
2rr ’ 0 (3-2.c)

Tangent Identity :

r’2 + r~ ’2 — 1 ( 3 — 2 . d )

Stress—Strain Relation :

m m exp ( kT) ( 3 -2 . e )

Also , f r om mass conservation , we have :

— —
~~~ (3—2.f)
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Finally, it is most convenient to adopt ~, rather than s, as the independent

var iab le .  U s J n g  the tangent ident i ty:

1
ds 

2
di 2 fdr
~~~r +~~~~~ -

the momentum equatiors become: 
-

d 2 
_ _ _ _ _ _— Tr 
__________ 

— 0 (3—3.a)

~~r
2 

+(
~
f)

dT 2 dr
+ m~ r — 0 (3-3.b)

where the radial momentum equation may be omitted since f t  is merely a combina-

tion of the circumferential and tangential equations. Note also that the element

of unstretched length , da , is obtained by combining (2.f) with the relation

for~~-~- :
ds 

da = ~~~~ r 2 + (
~~~

)

2 
d~ (3- 3.c)

Relations (3), a long with the stress—strain relation , ( 2 . e ) ,  con stitute a

complete set of equations for each f iber .
To derive the appropriate boundary conditions , consider a s ingle fiber -

attached at r adia l di st an ce r0 along the neighboring spokes. Refer r ing  to

Fig . 3—2 , we def ine:

— angle between spokes (a submultiple of 2n )

L — unatre tched length between spokes

Because of symmetry of the f iber configuration about ~u —
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Fig. 3-2. Single fiber configuration.
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= 0 : r — r (3—4 .a)

— ~/2  : — 0 (3—4.b)

In addition , the total unstretched length must be constrained to be L.

From (3 .c ) :

~~~ ~~~~~ + (
~~~

)

2 L 
(3-4.c)

Equations (4) now constitute the necessary boundary conditions.

Befo re integrat ing Eqs. (3) and (2 .e ),  it is convenien t to def i ne the

d imensionless variables T , r , v , t, and K by:

T
2 2

m~~~r

= r/r

(3-5)
v — r

L/r ‘~‘

2 2K km~~~ r
0 0

Clearly, t and K are the dimensionless tension and compliance whi le  P. is the

ratio of the total length to the arclength of a circular arc between the spokes.

It is expected that as a result of the fibr icat ion process , ther e wi ll be excess -

fiber so that 2— l > 0.

In terms of the dimensionless variables, the governing equations and

boundary conditions become :

L TV 
— 0 (3—6.a)
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d ~ 1 vT 1 k
-j r~ ‘~ — e + - ~~v ç  — 0 ( 3 — 6 . b )

If) = 0 : V = 1 ( 3 — 6 . c)

= : ~~~~~ 0 (3—6.d)

1’/ 2

J d~ e~~
T 

~ Jv + 
1 
(
~~~
)

2 
= 9~ /2

3. Solution of the Inextensible Case

Note that the term icr is the axial strain . Supposing that  TK <

M > 0, Eqs. 6(b) and 6(c) become , upon rearrangement:

~~ ~ r ( l + c ~1)+4v ~~ 0

J/2 
d4 ~~iv + 

1 
2 

— P.(1 + ct2 )

where a1 and a2 are both positive and :

a1 ~ (eM _ l _ M )

a2 
< M

Since the strain at fa i lure  for KEVLAR 29 is less than four percent , M < .04

and

a
1 

< .02

a2 
< .04
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Thus , as a f i rs t  approximation , terms of the order of the compliance may be

neg ’ected and the fiber treated as inextensible.

~it th  this approximation , Eqs. 6(a) and 6(b) may be integrated to give :

T = T+4 (l— v) (a)

(3—7)
TV 

L Cos~~ (b)
2 °

1 (dv

where:

T r(~ 0)

~~ A angle between the tangent and the ~ direction at ~ = 0.

Elimination of T from Eq. (7) gives the equation determining v(t l~):

(
~~ ) — 

T
2

~~OS
2

~f) 

F(v) (a)

F(v) - 14 V(T + 4 (1-v) ) 2 
- T 2~~~2~ (b)

L ° ° i (3—8)

— (v — v1) (v2 
— v) (v 3 

— v)

vi :~. ~2 ~~~. ~~~
3

The roots , v1, v2, and v3 of F(v) determine the extrema of the string

curve and may be evaluated iteratively from the expressions

- ~ + 4t~~~ 1 ~ t0
-1 ~~~ (T 0

_ 1) 2 
+ (4T

0
-l) ~~~~~~~~ + ~ 

(v i : i)~
)

~

T (T —l)  T 2
Sin 2i~ 

—

V 3 — 4 r — 4  v — i  
=

~~~~~ 
° —

~~ (b)
3 (v 3 — l )

I.
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to yield the numerical results shown in Fig. 3—3.

It is seen from 8(a) that is defined only for v C [v 1,v2] and v 
> V

3
.

Since the latter possibility corresponds to an unbounded string curve, it must

be discarded . Furthermore , Fig. 3—3 shows that v1 
-
~ 1 and v2 > 1. Thus, in view

of the boundary conditions 6(c) and 6(d), the string curve must be confined to

v C [l ,v21, 
and 6(d) merely implies that v(f) ~/ 2) = v2.

Integrating 8(a) and expressing f) as a function of v, we have

~ cos~~j 
dx 

, or (Ref .  3, p. 227):
° 

1 x~JF(x)

- 

Vi~~v:
:v

l ~ (~
-‘ ~I:::~

, 
~ - ~a 

~~~~~~~~~~

- fl ~~~~~~~~~~ 
, 1 - 

~~ ~~ 
(3-10)

whe re f l ( f ) ,  n , k) is the elliptic integral of the third kind . The condition

v(If = ~ /2 )  = v2 gives:

~~~~~~~~~~~~~~~~~~~~~~~~~ 
(
~ ~~~

- 
~ 
(

~~~
_i 

~~~~~~~~~~~~~~~~~~ 

, - . (3—il)

This provides one relation with which to determine T and J .  The second

relation is Eq. 6(e) which, when the compliance is neglected , becomes:
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Fig. 3—3a. Smallest and intermediate roots of F(v) = 0.
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Fig. 3—3b . Largest. root of F(v) = 0.
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1
2 f  dv T + -

~~ (l-v) 
—

~f~~3
-v)(v

2
-v)(v-v

1~ 

-

Or , (Ref. 3, PP• 219—220):

(T + 4 (l_v 3)) 
F(~ , q) 

- 4(v2-v3
) fl(~~, q 2, q)

— ~~ - 2A~ ~Jv 3—v 1 (3— 12)

where:

—l I(v 3—~n i) (v
2—l~sin (v 2—v 1) (v
3

—l)

& &  
_____q

and where F(5, q) is the elliptic integral of the first kind .

The quan t i t i es  i and ~i , determined by (11) and (12) ,  are of importance

since T is the maximum tension in the string (see Eq. 7(a)) while the radial

load app lies to the spokes, T s i n(f , is propor tional to both T and ~~.

4. Approximate Evaluation of T and i~

To obtain useful approximate results, note that when 2. is “ 1,

is also ‘s -’ 1, and the fac tor  v —x in the integrands leading to (11) and (12)

can be approximated by (v~ — l ) .  Thus , for  ~t— l J  <~~ 1, the conditions

= lil/2) — v 2 and 6(e) become approximately:
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V dx
— ‘

~~ T Cosi4~ ~ I ____________2 — 0 
~Jr i J x ~J (v 2

_x) (x—v 1)

t +4 (l-x)
2 1  dx ° 

~~J ~J (v 2
_x) (x—v 1)

Or , evaluating the integrals:

1 -
~ —l (v1+v2—2v1v2

— T COSI4) 
_ _ _ _ _ _ _  

— .- sifl I
2 0 

6J~
r
1
v
2

(v
3

—1) 2 \ V
2

V
1

2 ( T + 4 (~ 
- 

vl
~~2))E~ 

+ sin
1 
(v

l~~2_2)~ 2.~ ~ v3
-l + 

~~~~~ 
(l-v 1)

(3—13)

These relations may be further simplified by approximately v1, v2, and v3.
With 1 2 .— l i  << 1, both IT0

11 and ~ are also small, and Eq. (9) give as a first

approximation:

v1 “~ 1 + E,~ 
— (a)

v2 ~ 1 + t~ + c (b)

where 
~ 
(t —1) (c) (3—14)

C — ~ ~~ T0
_l)2 + 3S.

2
ij (d)
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Expressing T and lJ) as well as v1 and v., in terms of A and r and ab b at i t u t i n g

(14) into Eq. (13), we f inally obtain :

b
o ~~ 1 + -

~~~~~~~ (n )

Sfn ~~~~~-~ ,~j J L — (b)

with Il and ~ . determined by

cl—C2
2 

(c)
1—c

2 (3—15)

A — —C2
c (d )

where

~ ~i3 (l+A)~ -C cos _______ (e)
- 

(j 4 ~
j
~) ~[j_.~~(~~2_~~2

)

- ~~ \Ti + — A~ ( f )
2 cos 2(1 + A)

Numerical results for T and ~ as functions of the excess length (P. — l)  are

shown in Fig. 3—4 for 4, 5, and 6 spokes (i.e., ~ — 4, *rT , 4 rad ians, reap.).
Altho ugh the accuracy degrades somewhat above (2.—l) ~ .2, these curves still

reflect the correct qualitative trends. It is seen that the attachment ang le ,

~, is roughly the anise for all values of ~ considered. As should be expected ,

the maximum tension i falls below 1 for small (2.—i) and ultimately rises

above this value for sufficiently large (&—l). Although the maximum T
0 

is

seen to decrease somewhat with increasing number of spokes, T i’-’ 1 (which
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Fig. 3—4. Maximum tension and attachment angle.
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corresponds to the “hoop” stress of a circular arc of string) is still a

reasonable approximation over the range of parameters considered.

5. Computation of Spoke Loads

Before calculating the loads applied by the fibers to the spokes as a

result of Eq. (15), we must first determine the unstretched length of all fiber

segments between the spokes. When the spokes are completed and the end—p lates

used during fabrication are removed , the lateral surfaces of the spokes must

support a load due to the circumferential windings. This lateral load causes

the spokes to thicken along the flywheel axis with a corresponding decrease in

the radial exten t of the spokes. It is reasonable to assume that the radial

position of attachment of each fiber segment decreases proportionally. That

is, if:

(n) radius of ~th winding during fabrication

r (n)  f i nal radius of ~th windin g (at ~3 — 0)

than our assumption is that 
— 

1 (r (n) — r (n)) is the same for all windings.
r ( n) 0 0

Thus, the unstretched length, L(n) , of a fiber segment belonging to the

winding is ~r0
(n), and the dimensionless quantity becomes:

f(n) 2., independent of n.

With this assumption, both the d imensionless tension i and the attachment

angle ‘I) are the same for all fiber segments. The tension in a fiber at its

point of attachment to a spoke is then:

so that the total radial force on the spoke due to one fiber is:

2Sin~xn0I~
2r0

2
T(2., 4)
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go that the total radial force on the spoke due to one fiber is:

2Sin1~m Q 2
r 2T (2., ~~)

If the circumferential fibers are held in a hexagonal close—packed pattern

by the spokes, the number of fibers per unit cross—sertional area of the fiber

pack is~~~~ ~~~~~~~ where d f is the fiber diameter.

Consequently, the total radial load, F , applied to a spoke per unit radial

distance is:

F
r 

— m~~
2
r 2

S.*T (2., ~‘) (3—16)

where:

Ar — radial coordinate along spoke

thickness of flywheel

$ df ~ fiber diameter

The total radially directed force resultant, T , developed over spoke

cross—sections as a result of the above load distribution may be determined from :

dT
+ F + M~~

2r - 0dr r s o0

r c  [R.d, R~ 1 (3— 17)

H T(r — R ) — 0s o  V

where :
T force resul tan t over Bpoke cross-section

mass of spoke per unit length
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A
R flywheel radius

R11 radial coordinate of hub—spoke attachment.

Substituting relation (16) for F , Eq. (17) yields:

T (r ) — ~~
- M ~2

2 (R 2 — r 
2
)s o  2 s w o

h
+ 

~‘ _if~
_ 

in c2
2 (R ~ — r 3) Sinl~T (2., ~~) (3—18)

3~JT d f
2 ° 0

Thus, the total load applied to the hub by one spoke is T5(r0 
— R

H ) .

The first term in (18) results from the certrifugal loading only and the

corresponding tension in individual spoke f ibers is no mor e than ha l f the “hoop ”

tension , m c ~
2R 2

, developed in the outer circumferential fibers. Thus , it  is

the second term in (18) , representing circumferential fiber loading , that

s i g n i f icant l y deg rades the maximum energy density below the optimum . Denoting

by T the contr ibut ion of this t erm to the tota l load app lied to the hub , we

have:

= 
4 _.!.... 

~ ~
2(R ~ - RH

I) Sin~ir (2., ~~) (3-19)
3.~T df

2 ° ~~ 0

Assuming the following typical values:

R 9 1n., It — 2 in.
V

1h — — in., d — l5 milw 2 f

f iber density — .052 lbtn/in
3

Figure 3—5 shows T/ c~
2 as a function of (2. —l) for  4, 5, and 6 spokes. It is

seen that while some slight advantage is derived by increasing the number of

spokes, the only effective way to eliminate ~~ is to reduce the excess length ,

(9.—l), as far as possible.

51

~ -J~~~~~~1’~ ~~~~ ~
—-: - — —- ——

~ —: -
~
- -— --- - - 

~~~~‘- . - --



r ~~~~~~~~~~~~i ~~~~7
~h6~ ~I~J

-~ SPOKES — — —
- -

— 
— —

5 —
—

6 — — 
—

— — —
. -

—
- — —

-

— —
- — — 

- ——
— — . —

—
- - - --

-
- - - --

— - 
-
~ —0.~ — —

— -.
- -~ —

- ---
-

- _ _ ---- -~~~~~~~~~~ - I I -___
0 !  0.2 0 .3  0 . 4 05

( I - ) )

Fig. 3—5. Contribution of circumferential fiber loads to total
load applied to the hub .

6. Conclusions

The above analysis shows that both the fiber configuration and tension

depend primarily on the “excess length” of the fiber segments (i.e., the difference

between the true length and the length of a circular arc joining the fiber—spoke

attachment points). While the maximum tension decreases somewhat with increasing

number of spokes, it is still of the order of the “hoop” tension, mj~
2
r0

2. Fur—

thermore , the angle formed between a fiber and the circumferential direction at a

spoke is nearly independent of the number of spokes and linearly dependent on the

excess length.

Since the excess length ultimately produces significant loading of the spokes,

flywheel optimization depends on the maximum reduction of this quantity.
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[V .  MA (; NEl I . HF ;AR I ~~ I NV E ST ICA T I ON

A di”-; I gr i I a- lo ot  of  t h e  M I T /U .  m a g n e t  i he.-i r  l o g  t e s t  hod sy st em i - ; shown

i n  F i g . 4— I . J t r i ;  j o t  p r i m a r i l y of m a gn e t  I c  hearings (sta toro and rot or ~.

I our-hdown b i n  r i n g s , m o t o r — g e n e r a t o r , t u r b i n e -  f l y w h e e l  , s h a f t , p o s i t i o n  s c - f l o o r

and  t c - s t  hod su p p or t

I o l lowin g si- -tiono are thE- supporti ng design c a lcuc i a t Ions for the

magnc-t ic h i - a r  in g  b ra ssboard  and descr i ptions of other related w o r k .

A.  M i -  Iu ; c n j u a I b e s i gn C on cep t

The prot ot ype c - n e r g y  s t o rage  w i u c - o l  assembly c o ns i st s  of  rotor , shaft , two

magne L I  - hearing assemblies , two touch—down h a ]  I h e a r i n g  a s s e m b l i e s , a not or

g e n e r a t o r  assembl y and base suppor t  s t r u c t u r e .  A c o n v e n t i o n a l  r o t a t i n g  sh a f t

s p i n d l e  c o n f i g u r a t i o n  vs .  f i x e d  s h a f t  was chosen fo r  t he  p r o t o t y p e  model

shown i n  F i g .  4 — 1 .  The r o to r  was des i gned to s i mu l a t e  t h e  mass of a f l i g h t  ‘ s ic—

f i g u r e d  w h e e l  , hut not the i n e r t  i - i .  The r ot o r  weig hs 15 pou n ds and was made

f r o m  n o n m a g n et i c  s t a i n l e s s  steel. The s h i f t  Is 16 i nches  l o n g ,  1 — 1 / 6  1rr ~- I u c - ;

i n  d i ame te r  a t  the  c e n t e r  s e c t i o n  and 1/ 2  i n c h  in d i a m e t e r  a t  the ends .  l i i i -

shot t is  also made from nonmagnetic stainless steel. The ratio of inert 1;, o f

t h e  r o t a t i n g  a s s e m b l y ,  ax ia l  vs .  t r a n s v e rs e , Is less  t h a n  one and c o u l d  r i -s ul t

i n  s t a b i l i t y  prob l ems . P r e l i m i n a r y  t e s t s  at  low spec-d have shown that t h i s

Is not a problem with the  t e s t  s e t u p .  In a real  sys tem t h i s  r a t i o  w i l l  he

g r ’ - n t c - r  t h a n  one and t h u s  s t a b l e .

The stator of the magnetic hearing, which contains the Samarium Cobalt

(SrnCU ) magne t s  and t h e  coils , is mounted to the fixed base structure. The

stator Is made from hi gh silicon low chromium steel for its hi gh magnetir

p e r m e a b i l i t y .  The m a g n e t i c  bea r ing  s e c t i o n  of the  ro to r  is made f r o m  4 130

carbon steel.

The magnetic gap in the ax--lal direction Is 0.015 inch and travel Is

limited In b o t h  t he  a x i a l  and t r a n s v e r s e  d i r e c t i o n s  by the  tou hdown b a l l

h e a r i n g  a s s e m b l i e s . The tou chdown hea r ings  engage with 0.010 Inch travel

; ,r i d  p r o t c o  t t h e  m a g n e t i c  hea r ings  t rots rubbing contact within themselves .
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FIg. 4—1. Design layout of magnetic bearing test bed.
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- ! i i i  I In - - c c I cig c a t -m b  I i c - s  a r i  a d~ip i c x  p a i r  wi  t i c  a t w e l v e  pound pr o! oad

u- i f u /  • c d i t  ; c I u u c-  of  I ( J  in c- h i-s. l I c t -  i n e r t  i ; c  of t h e  rotating elemen t of

h. t i j i c u  Iud u wri h i - ar ing c~a - e m b ly  was m i n i m i z e d  sc~ th at I t s  ;a - u - € - l e r ; i i i o n  r a t e

c l c i r  in g iu oju-hidciwn :11 h u g h ;pe -ds w i l l  he very I ci g lu and thus min imize stuffin g

oil t h u hal I s

ui r u;cli - t u u u c u  hu c l ,uwic stul(1 was made from noninag icet Ic- s t e - l  and the rotating

I -u i i .c  I p i t .  u - . f rc cr n k-ad ed b ronze .  ‘lic e bear  ings were hi gli spied , duplex turbine

h a - c r  i ogs p u r r  l i n a c - c l  I rom 11.-cr den Corp o ra t  ion .

T Ic t -  p c - u  ui ; .  - t r i  f I I ce t o u c h d o w n  e l e men t s  are h i  — c o i l  I i  ii I at 45° t o  ;cr i u  i O V O

u , u u-liducwcc in c- i t h o r I ce a x i a l  or t r a n s v e r s e  d i r e c t ions w i t h  t he  same I ho-ar

r a v e l . lii .- h i — c o n i c a l  f e a t u r e  of t he  touchdown e l e m e n t s  l i m i t e d  t h e  c o n i n g

cc l the sh u t  t and m ,c i i c t a l n e d  n ormal  a l i gnment at t h e  e x t r e m e  a x i a  I d i s p l nc - c - m t - n t

lice p r o b l e m  c i t  f a b r i c a t i o n  t ol erances of Ice tou chdown e lements  wn.s c o n t r o l  l ed

b y m a n u f ; e - t u r i n g  m a t u  h u e d  s& - t s  and p r o v i d i n g  f o r  s h i m m i n g  at assembl y .  A s s e m b l y

rn - ; c s u c r em e n t s  w er e  recorded and the  sh Ims ground to s i ze  to m a i n t a i n  t h e  ~p - r  i f l e d

c I e ; c r ; c c u u - c -  of 0. ( I I  i n c - h  w i t h i n  .001 in .

T b -  hacsc -  s t r u c t u r e  cons i s t s  of an a l u m i n u m  bo t tom p l a t e  and two s t a n c - i c i o n s

wh ich are bo tt c -d acid p inned to the  base.  The s t a n ci c i o n s  a re  sp i l t  at t he  sp in

axis to I w - i l i t a t c -  ;cssemhly without removing the stanc-Icions from the h;cs.- The

h;cs - ;csa . -mh l y was p r e m a t ch in e d  and then  assembled and f i n a l  machined as an

Integral unit to maintain ali gnment of the axis. ‘Ihe base structure is made

f rom 6061 — 16 a I urn I nc im

The m o t c u r  g ene ra to r  was purchased  f rom S p e r r y  E l e c t r o  Compon ents , D urham ,

N o r t h  (~;c roi Inn . ‘l ice unit is a brushless DC m o t o r — g e n e r a t o r  w i t h  an ironless

;c r m a t c i r , -  acid ;c (1.1)15 Inch axial airgap. The motor—gent-rator consists o

three ccnnp onent s , ar m a t u re , r e t u r n  pa th  and permanent  magnet  r o t o r .  The arma-

t u r e  is s u p por t e d  to the base structure by an aluminum b r a c k e t .  The “ r e t u r n

path” and permanent ro to r  are suppor ted  to the  shaft as shown in Fig. 4—I.

The return path Is made from high strength stainless steel. The permanent

magnet  rotor support is made from titanium.

Based on dynamIc considerations the elements of the assembly were designed

for hi gh stiffness within the constraints of the basic configuration. The

desired natural frequency of the individual elements was above 1 kHz, a rather
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;cmb i t  b u s  goa l . l i c e  l o w  n— i t u r a l frequency of the  s h a f t  ( 154 Hz) was a r e su l  t

r u t  p i / l (  l u g  th e  t uu a - i cd ow n  h c - o r i n g s  inboard of the m a g n e t i c  bearings. It was

r i s o g n i z e d  that some frequency tuning might he r equ i r ed  d u r i n g  t e s t i n g  to
;u v ( u  I d  p a r t  i c u c l a r l y t roub lesome f r e q u e h c y  h a n d s .

T h u r  c o n v e n t i o na l  r o t a t i ng  s lender  shaft configuration is not the optimum

c o n f  i g ur a t i o n  w i t h  respec t  to s t i f f n e s s  f rom p r a c t i c a l  c o n s i d e r a t i o n s .  The

f i x e d  shaft c o n f i g u r a t i o n  o f f e r s  an advan tage  in t h i s  respect  and should  !)C

cons Hi-red i n advance d des i gns .

Ilce rotor of the m a g n e t i c  b e a r i n g  assembly m u s t  reac t  a m a g n e t i c  f o r c e

u l  approximately 200 pounds. ‘fhe d e f l ec t i o n  of the  rotor  due to  t h i s  f o r c e  is

0.0( 106 i n ch .  huc d c - r norma l o p e r a t i o n  w i t h  the m a g n e t i c  h ea r ing  cen t er c -d , the

;c xi; c I force- s on the rotor are small. The ax ia l  fo rce  is a f u n c t i o n  of t he

rotor—stator clearance , at the m i d — p o s i t i o n  the  fo rce  i s  s m a l l  and in c r e a sc - s  to

maximun as the gap is decreased .

lIce stator of the m a g n e t i c  h e a r i n g  assembl y is i n h e r e n t l y  s t i f f  wi th

ru- apect to  b o t h  the inner and outer pole p ieces prior to assembl y .  Fasteners

wc- r ,- not pe -rmc t t ed in the assembly of this unit to minimize energy losses.

The- ou t e r  poic- p i t -c - c - s were assembled  by means of a sh r ink  f i t  w i t h  the  two

ot ruiu - turn I members.

The Samarium Cobalt (SmCO
5) magne t s  were purchased f rom S p e c t r a f l e x , In c . ,

l o c a t e d  in  W at son v i i l e , C a l i f o r n i a .  The i n d i v i d u a l  magnets  won - p r e n a c h i n e d

and m a g n e - t i z e d  ;ur i c u r  t o  assembly i nt o  the outer  pole p iece.  Tic e o u t e r  pole

p ieces werc- fabricated a t  Lincoln Laboratory and sent to Spectraflux to have

t h e  ni ;cgn .-ts i n s t a l l e d .  A f t e r  bond ing  the  magnets  to the  poie p iece , the

inside diaxuet -r of t h e  outer magnets was ground for 0.001 Inch diametrical

c- It - - c rrcnc.- with the Inner pole- p i eo -e .  The combina t i on  of sma l l  clearances ,

- t r u r i g  magnet li- forces , and b r i t t l e  magnets necessitated the use of sophist i—

- c ted assemb iy fixtures.

A l i gnment was maintained by tolerance control of machined par t s  and

hand f i t t i n g  a t  assembl y. Spacers were provided to maintain the 0.015 inch

axial wap between rotor and st;ctor of t h e  magne t i c  bea r ing  and fo r  ax ia l

u - c u t e - r i n g  of the  touchdown  b e a r i n g  assembl y. Measurements were made during
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the assembly process and the spacers were ground to achieve the specified

clearances.

A dynamic analysis of the energy wheel system was performed to determine

resonant frequencies of the rotating system . A distributed mass was modeled

for the shaft and discrete loads for the flywheel rotor arid magnetic bearing

rotors.

The first mode frequency of the rotating element was calculated to be

15 6 Hz. The first mode frequency of the rotating element coupled with the

magnetic bearings was calculated to be 38 Hz. Both values were confirmed by

test.

Rare earth magnets exhibit excellent magnetic properties which enable an

engineer to build smaller reliable magnetic parts. The common permanen t

magnetic materials , alnicos and ferrites , are insufficient for our application

because of size and weight constraints , and reliability. Samarium Cobalt ,

SmC O 5, magnets are small with high stability and provide high energy which
makes them adaptable to be used in the magnetic bearing in the energy storage

f lywheel .

All  magne ts irrespective of the manufacturing techniques have fairly well
specified retnanence and induction coercive force; however , the intrinsic coercive

force and the energy product values vary over a wide range as a result of sinter—

irig , heat treatment and the particle size. Magnetic pieces from a single lot

cannot be accepted because several test samples happen to meet specifications.

From Table 1 it can be seen that after measuring the residual inductance , 
~r’

and exposing it to a 10% demagnetization knock down field , Hk, 487 failed to

meet the specification requirements. The finished , Br~ 
should be within ~ 5.

of the lot value after the demagnetization. Absolute B
r 
could not be readily

measured on the finished product because the shape of the part did not match

the induction coil utilized in the measuring procedure. To get around this ,

a standard B relative to the experimental setup was used and the Br 
af ter

knockdown was compared to the B before for each piece.

Properties of the magnet such as the B , coercive force , and the

In t r ins ic  coercive force , 11ic’ 
are merely endpoints in the intrinsic or the
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induct ive  demagnetizat ion curve and do not give sufficient information about
the loop shape. Therefore we specified that a p lot of the second quadrant of

the magnetization curve be supplied . The magnets were serialized , permitting

us to select matched Sets for each bearing.

The data required on the Samarium Cobalt magnets that we considered to be

most useful were as follows :

B
r 

8,000 to 8,400 gauss

H — 7,700 to 8,100 oersteds

H ‘ 18K oerstedsci
6BH > 16 X 10 gauss — oerateda

and full second quadrant B—I! curve.

The high silicon, SI, low chromium, Cr, steel used in the stator was

supposed to give a high permeability, p. and resistivity, p. Permeability

expresses the dynamic relationship between B and B and is a function B, H, p

frequency of excitation , etc. Measurement of p and p was made at Lincoln

Laboratory and they fell short of our expectation. However, wet chemical

analysis of the steel gave 1.7% Si instead of about 3 . but an emiasi- n spectro—

analysis confirms that Cr was low (< 0.5%).

B. Calculations

The target design of the brassboard system was to support a 25—lb rotor

with spin axis within 30° of vertical in 1C , and allow an 750 ft. lb. sec . wheel

to be ro tated at approximately 0.5°/sec. cross axis rate. This was derived from

system studies and satellite maneuvering or tipoff requirements. The resulting

• design Impact was that bearing area must be sufficient to supply 15 lbs. of lift

(20% safety margin) and the bearing separation adequate for the cross—axis torque.

The MTI report “A Theoretical and Experimental Investigation of the Magnetic

Fields and Forces Arising in Magnetic Suspension Systems” by 3. Wa lovlt et a l . ,

1975 , was used as a basis for the design.
The important results of this study were the following:
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1) Optimum tooth width T is rough ly  e qu a l  to the gap spacing h

2) Optimum tooth  separat ion is between I and 4 times the gap spacing h

3) Use the B f ie ld  in the middle of a too th B as the scaling B field ,
the force density F — 1/2 B

2/M
0 
as the scaling force , density, the

scaling magnetic flux A — B A
~ 

where A
~ 

Is the tooth area, and the

MMF 00 B h/M where h is the gap spacing, and the scali ng permeance
is A /0 P

0 0 0

4) With the above scaling values and optimum dimensions, for square tee th
P/P 1.4, F*IF — 1.2, F*/P*

2 
— 0.6 F /P

2 where F~ is the force

norma l to the too th , and F
t
/F 0.08 e/T where e is the

displacement and F
t the transverse force density per unit total bear—

Ing area. Also , F
~ 

begins to flatten out for eli > 0.5.

Therefore, I chose to allow a reasonable touchdown bearing clearance of

± (10 mils), h — 15 mils, T = 15 mils , S “ 50 mu g. I let the tooth depth he

equal to the spacing. This allowed a working bearing range of ± 7.5 mils wi th-

out saturating F
~
. Probable value of the bearing force density would at eli

.5 then be 0.04 F f 2 , the last factor of two due to the cylindrical geometry.

The above choices were verified by comparison with available designs En the
literature. Measured F

~ 
appears to be 10 to 20~’ higher .

The axial forces can be calculated for a single model of our bearing with-

out teeth for maximum magnet flux A , current NI In the coils, pole area A ,

effective total gap C (G /2 per pole), arid displacement x the axial force

should be

F 2 A NI 
+ 

2 A2 ~
x C poA C

0 0

Therefore, for x — G/4 the total force is j u s t  equal to four  times tha t

calculated for one unbalanced pole of A , and the force per rotor equal

to the unbalanced equilibrium force on one rotor.
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Sn , to e s t i m a t e -  a x i a l  s t i f f n e s s , at  B .83 1 the average flux w i l l  be

I .7B ,, t i m e s  t h e t o o t h area or .33 T per u n i t  po le  a rea .  This gives an unba l-

anced 1)011- force density of (.331.83)
2 F = .156F in equilibrium . Therefore ,

at 7.~ m i l s disp lacement we will have F = . 156F and R — .02F for a stIff—A o R o
ne c-u s r a t  i u ~ oF 7.8, whIch Is in good agreement with the literature values of 6

to 8.

For most kinds of iron , tooth saturation occurs at 8 2.0 T and one must

allow perhaps a factor of two due to field concentrations near corners. The

d e s i r e d  f i e l d  F was set to be .0833 T. This gave F 2.76 x lO~ n/rn
2 and

= 5 .5  x lO~ n/rn
2 

per area of pole in the  t r ansverse  directions.

Ttie total 30 lbf = 133 N is supported effectively at 1/2 G at two ends ,

giving 33.25 N per beari ng, 16.6 per rotor , or 8.3 per pole. Therefore , the

pole area must be 15.1 cm
2
, or a tooth area 3/13 of this = 3.48 cm2 of tooth

area , In c l u d i n g  the 20% safety factor of force required .

Based on a shaft d iameter of .75 inch , an Inner radius for the beàrin~~

pole p ieces of 1 cm was required . Then , by adding up tooth areas with 15 nil

thickness and 50 mu spaces between , the radius of the inner teeth could be

terminated at 9 teeth with 2.285 cm radius and 3.485 cm2 accumulated area .

Leaving just over 1 cm f or coils , the inner ring of the outer poles ha~1 a

radius of 3.30 cm. Adding rings and spaces as before give four teeth with

3.83 cm radius 1.5 Inches , with another 3.38 cm
2 

accumulated area (close

enough).

Now to d e t e r m i n e  the  required spacing between hea rings . A t 15 lb s wi th

m o t i o n  of 7.5 mile , the radial stiffness is Kr 
— 2000 lbf/in. and for our stiff-

ness ratio , the axial stiffness Is KA 
= 16,150 lbf/in. If all rings were

located at a single radius D and separation L from the center of mass , the

torsional stiffness would be

K
T 

= K,,~L
2 
(1 - KAD 2

/K,
~

L 2 )

Suppose (worst case) I) — 1.5” and L 6.0”. Then, Kt .252 K
R
L
2 

3.64 x

In—Ib/rad or 3028 ft— lb/r ad .
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W ith angular deviation of 7.5 mIls/6 in. .00125 rad . This allows 3.8 ft—

lb. or a cross—axis rate of 5 x l0~~ rad/sec .28 deg/sec . However , things

are not this bad since most rings are located closer to the sp in axis , the

average rad ius (center of the coils) being at 1.1 in. so that a better estimate

of torsional stiffness Is ~ and the resulting cross—axis rate capa-

bility is .413 deg/sec. This is close enough to specified values for a first

cut design , since the relative stiffnesses are only approximately known. If

the stiffness ratio is actually at the low end (6.0) this gives the required

cross—axis torque.

To achieve the field of B — .833 T In the center of a tooth, assuming

average B/B Is perhaps 0.8, the required A/A — 1.75 so the average B in the

iron behind the teeth is 1.75 (3/13) B — 0.33 T. The iron can be used to con-

centrate flux at the permanent magnet to be 0.67 T, about 80% of the residual

flux level of SaCo magnets.

~he required flux from the magnet is double the 1.75 B0 
times the tooth

area of 3.48 cm2, or 10.1 webers, At the flux level of .67 T this requires a

magnet cross section of 15.1 cm2, at an average rad ius of 3 cm. This then

requires an axial length of 0.8 cm. Allowing 20% leakage flux gives a cross

section requirement for a magnet ring at 1.2 inches rad ius with length of

0.4 inch.

The expected MMF requirement is 2(0.8) B h/rn or 400 amps . At 70% of Br

a SaCo magnet can be expected to give an MMF of about 20% of its coercive force,
or 1600 oersteds of 1.27 ~

‘ 10~ amps/meter. This then requires a magnet thick-

ness of 3.17 mm — 125 mIls . To give a safety factor and allow for iron losses,

but primarily to increase magnet thickness for physical integrity with a better

form factor , this was increased to 150 mils.

To keep drag low, magnet sections are to be matched within 5% or better

and taken from a single lot. Also, bearing tooth dimensions are to be tightly

controlled to determine how low the drag can be pushed .
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C. Loop Design

Li the axial direction, the stiffness of the bearing will be about 8x

the passive direction stiffness of 2 ~ ~~ ibf/in ., or 1.6 x lo
4 lbf/In .

2.8 x io6 n/rn. The rotor weighs abou t 25 ibm — 11.34 kg. Therefore, the axial

resonant frequency is 497 rad/sec — 79 Hz.

The loop compensation was intended to create a crossover frequency lOx

higher than this , with a midband gain of 30 and a phase margin of 45°. To do

so, a zero was placed at 3x the axial resonant frequency and a pole at 30x that

frequency . This 8hould give the 45 0 desired phase lead at a crossover of 800 Hz.

All other poles must be located well beyond 2.4 kHz, preferably beyond 8 kllz.

Therefore , a sensor with 10 kllz bandwidth has been chosen . Effects of

structural resonances and phase lag due to eddy currents in the bearing

materials must be measured and compensated for during system testing .

During integration , it was found that the many vibration modes of the system

required lowering the crossover frequency to 150 Hz.

D. Magnetic Bearing Integration and Test

The assembly of magnetic bearing parts went relatively smoothly. Press-

fitting of stator parts required good positive control of the planar positioning

of parts; otherwise they tended to tip over and bind . One stator was success-

fully disassembled and rebuilt.

Stators were measured for magnetic field variation with rotation . A mod-

ification of the fixturing for stator assembly and a magnetoresistor were used .

The results showed that the open—circuit stator field of 1000 gauss had varia-

tions on S/N 1 of ~ 20 gauss. These variations should be halved again at least

by the addition of rotors to close the circuit. Therefore, variations in B of

0.2% can be expected with rotation.

Mechanical tolerances on bearing tooth runou t and height were measured to

be typically ~ 0.1 mU , with occasional peaks of ~ 0.2 mils. These represent

about 0.3% variations in the effective gap total of 30 mils.

Therefore, the sum of all B—field variations is expected to be within 0.5%.

This will lead to drag due to eddy currents in the bearing material with power
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density of -i-— (wABL)
2 
where L Is the length scaling the eddy currents . Over a

p 1 2 2 3
volume = AL the resulting power loss is on the order of P = -

~~~

— u tsB L A watts .
5 7 4 p 3 2For measured p lO fl—cm = l0 fl—rn , L 3.8 x 10 m , A = 4 x 10 in

= 3.5 x l0 3
T, w = 5 x l0~~, P = 3 x io~~

’ watts. Ridiculous! But if

L — 3.8 x l0 2m , then P = 300 wat t s , so the eddy current scaling length L is

critical .

Assembly of the bearings on to the sha f t went as planned . Forces near 250

pounds were encountered when positioning bearing pole pieces and stators onto

the shaf t , but the use of jacking screws and holding fixtures was successful.

Use of aluminum or stainless in fixtures caused some galling problems, which

were solved by a little lubricant. A better answer would be to use brass for

t ight f i t t i n g  f i x t u r e s.

Applying swept frequency currents to the motors allowed measurement of

resonances in the structure. Also , the current needed for moving the rotor from

one end to the other was measured to be 2 amps on both motors , or 4 amps on one

motor . This showed some increase (to near 6 amps on one end) as time progressed ,

perhaps due to extended touchdown gaps. The linearity was gratifying .

Resonances were found at several frequencies in the structure. One problem

was the orig ina l position sensor and Its mounting bracket. It had internal

nodes in the micrometer adjustment as well as a cantilevered geometry . A new

sensor with no micrometer and a bracket with no cantilever was designed and

solved this problem .
The f lywheel rotor turned out to have a very high Q resonance at about

2.1 kl-Iz. This was clearly audible as a ringing if the rotor were struck. Use

of fiberglass spacers between rotor and shaft did not help. Eventually, a notch

f i l t er w ith Q = 5 was built to eliminate the problem . This worked . A non-

metallic rotor would eliminate the problem .

Several other resonances were not easy to locate but did not cause large

phase shifts in the bearing loop. A transverse resonance due to shaft bending

at 154 Hz was numerically predicted and verified . Longitudinal resonance at

400 Hz and at 600 Hz is believed to be bending of the yoke arms. A stiffening

yoke member may be added later .
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The bearing was floated initially with the new sensor and bracket but no

notch filter .

It had no phase marg in and a small (± 1 mil) residual oscillation at its

crossover frequency of 150 Hz. Addition of the notch filter allowed lead

compensation which gave over 300 of phase marg in, a dc loop gain of 5, and

crossover frequency of 150 Hz. The bearing is sensitive to resonances in its

mounting structure. Mounting on a table which is not flat causes oscillations

at about 400 Hz, believed to be due to the rocking of the assembly causing

phase shifts and interacting with the yoke bending modes.

In use in a satellite, such a bearing would have to be designed into the

structural dynamics, and the dynamics of the structure also designed into the

bearing loop.

The bearing motor inductance was close to the 15 mH predicted value at low

frequencies and as predicted fell off as almost l/v’ at frequencies above 100 Hz

due to eddy currents. To avoid large circulating currents of 50 kllz due to
current driven switching , a 2 mH pot core inducto r was added in series.

The floated bearing showed stiffnesces of about 10 lbf/mil along the spin

axis, about 1.2 lbf/mil transverse, and 3.26 foot—lbf per milliradian transverse

rotational stiffness. This was in good agreement for axial to radial stiffness

but low by about a factor of two in total stiffness. The cause is presently

unknown. Increased stiffnesses can probably be obtained by reducing the magnetic

gap.

One possible explanation of the low stiffness values could be larger than

predicted reluctance in the bearing pole piece iron. This could result in

increased flux leakage or in the flux clustering near the magnet and not giving

much centering at the inner and outer fringe rings. Such an effect could be

avoided by designing for larger magnetic gap and larger clearances (more magnet

length), or by using better iron or lower field strengths (more bearing area).

Due to the small dimensions of the gap, it Is difficult to measure the radial
f ield dis t r ibut ion .

Resonant frequencies were looked for to verify stiffness measurements and

check damping. The transverse translation resonance at 22 Hz checks out, and

has a damping time constant of about 2 seconds. The rotational damping is too
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l a rge  to measure ;  it may be criticall y damped . A Bode plot of position vs.

inpu t current shows a very  linear force/current relationshi p and a pair of
poles at 80 lIz a~; expected .

Position sensor outputs , using Lion prec ision capacitance non—contact

sensors , are used for position and velocity sense lines . These are very

troublesome due to the  capaci tance s e n s i t i v i t y  of all 1 MHz tuned cables and

non—interchangeable probe types causing anomalously high gain (almost double)

in the sensor outputs. These are supposed to he approx imately 1 volt/nil and

1 vo1t/mil/m illis~cond , respectively. The small signal electronics transfer

function , without the 2.1 kHz center Q:5 notch filter , is then

t(arnps) 
— 

(2 ma S+l)
Z ( mi l s )  ( .039 ins S+1) ( .04 7 ms S-fl)

(1 ms S+l) (.33 ma S+l) (.07 ma S+1) (.02 ins S+l)
(.5 ms S+l) (.14 ma S+l) (.04 ms S-fl) (.22 me S+l)

The alternating poles and zeros in the right side of this expression are an

attempt to compensate for the l/v7~ eddy current effect with a 45° lead network.

The zero at 2 me is created by adding the position and velocity outputs of the

sensor together w i t h  appropriate gains. The poles at .039 ma , .047 ma , and

.22 me are low—pass filters to eliminate the effects of high—rrequency reso-

nances In the system.

An additional feedback loop using an integrator with clipped outpu t Is used

to eliminate steady—state current by automatically seeking the null force point.

This “VZP” circuit , first used in this app lication by S. Lyman of Cambion Corp.,

adds a multi plier to the transfer function

100 ma S
100 ma S—l

With this circuit in operation , or without it and with the offset position

trimmed to zero , the power drawn by the fully redundant bearing system is just

under 2.0 watts. This is independent of the rotor weight up to the touchdown

point: over 150 pounds In the vertical position. This Inpu t power can probabl y
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be reduced b y a f a c t o r  of two in f u t u r e  system s if It  m a t t e r s  by improv ing  the

sensor electronic s and reducing the number of op amps. Redundancy has been

demons t ra ted  by manuall y s w i t c h i n g  o f f  one motor  and tu rn ing  on the  other , one

sensor per m o t o r .

To enhance the  l i f t o f f  ( la rge  signal) stability of the bearing , a nonlinea r

lead network is added . This is to attempt to compensate for the LdI/dt limIta-

t Ions of the power supp ly ( ! -  15 volts). Through Zener diodes , the network

Intr oduces a 4.7 ms zero above 2.4 amps and increases this to a 22 ms zero above

5 amps , with an accompanying .044 ms pole.

The current drive circuit , presently a half br idge switched at 50 kliz, is
qu ite ef f icien t bu t should be rep laced by a fu l l  br idge. This would allow

larger LdI/dt , would simplify power conditioning by using unregulated bus , and

would avoid one supply boosting the other through the current driver output

inductance.

The motor characteristics of the bearing are 50 lbf/am p and 5 l b f / m i l  per

motor giving a measured total open loop dc gain of 5 fo r  one active motor and

one passive one. If , as appears possible , the sensor gain is anomalously high

X2 , the  motor gain may be lower by a f a c t o r  of two .

Magnetic gaps have been measured in floated and non—floated conditions to

be w i th in  5% of nominal values : gaps on both sides of the s tator  sum to 30 m i l s .

Total rotor motion between touchdown stops is 22.5 mils. Drag is dominated b y

air  f lows  and sp in—down t ime  constant is measured to he one to two hours in a i r

at ambient pressure. Ball bearing drag by comparison gives spin—down tim e

constants of less than one minute under 150 lb. es t imated  preload on the touch-

down bearings.

The actual hardware under test is shown in Fig . 4—2. Construction

details are shown for  the s ta tor  in Fig . 4—3 , 4—4 , and 4— 5 , the teat  f l ywheel

and shaft in Fig . 4—6 , the touchdown bearings in 4—7 , bearIng housing and shins

in 4—8, assembly fixtures in 4—9 and the electronics control panel in 4—10.

Several very interesLing observations were made while measuring bearing
drag . First , the drag is dom inated by aerodynamic forces down to quite lcw

pressures , on the order of 10 microns. This implies that a spacecraf t device
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FIg. 4—2. Magnetic l~earing system test.
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Fig.  4—3.  BearIng s ta tor  assembly and test  bed .
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Fig. 4—4 . Construct ion of bearing stator.
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Fi g. 4—5 .  Bearing s ta tor  and ro tor .
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FI g. 4—6.  Fl ywheel and s h a f t .
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Fig. 4-7.  Touchdown bear ings .
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Fig. 4—8. Touchdown bearing housing.
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Fig. 4— 9. Assembly fixtures.
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Fi g. 4—10. Bearing control panel.
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must be well vented to take full advantage of its environment, and ground test-

ing should be done with a cryopump . Second , the drag has its lowest value

below the lowest critical speed , reaches a sharp maximum at that speed , and

settles down to a higher drag at supercritical speeds. For our test system ,

rotating N = 25 lbs. and I = 0.58 6 in .lbf—sec 2 . Besides the resonance , the

drag torque appeared to be linearily proportional to speed over a range of

50 RPM to 1.5 KRPM, with critical speed at about 1.2KRPM. Below critical,

if T = Bw and spindown time constant T = I/B 30 hours and so B 5.4 x lO_6

in—lbf—sec = 8.7 x 10~~ in—oz—sec . or a drag of 9.1 x l0~~ in—oz. per 1KRPM .

Above critical speed , drag was approximately 22 hours, or B 1.2 x lO~~
In—oz—sec . for a drag of .012 in—oz. per 1KRPM. This was measured with a rotor

which had not been balanced a-t all. Therefore it should not be any surprise

that the drag is higher, due to the rotation of the shaft geometric center

about the principal axis of the rotor. In fact, this indicates that poorly

balanced nonmetallic rotors will not have a problem due to drag .
Drag versus speed and pressure are plotted on Figs. 4—11 and 4—12 . The

30—hour drag rate corresponds to power inputs of .67 watt at 10,000 RPM or

19 watts at 50,000 RPM .

E. Finite Element and Field Plotting Capabilities

To allow exploration of magnetic bearing tooth geometries and to verify
design calculations, a magnetic field finite element analysis program has been

developed . This was used to verify reluctance calculations for the LES magnetic

bearing . Further work using this program is expected to give more insight into

construction of many types of electromagnetic devices .

MIT/LL Electromagnetic Field Computer Analysis

Lincoln Laboratory has added electromagnetic field calculation features

to the well—known general—purpose structural analysis system ICES—STR UDL . When
operated on the Laboratory ’s IBM 370/168 computer, the ICE~ executive provides
the data matiagement and program management facilities need~~ to minimize stor—

age and computation requirements, while the STRUDL subsystem provides the

finite element and equation solving facilities needed for efficient analysis.

77 

--- --- - - —~~~~~-~~~~~ — -- -~~~~~—- --~~~~~~ -

-I



0i2 l i I I i t i I I 
4 

I

I18— 6— 1e93 6 1 I
3.0

AVERAGE
o~o 

- ACROSS
N2 ~0,.i RESONANCE
120.586 n - — Ibt — sec2

~~~~~~~ L 

NO VZ P 

0 0
0
) 

L

o 0

lit

CRITICAL SPEED

I I I I I I I I 1 I i 1’ i

0 500 1000 - 1500

SPEED (rpm)

Fig. 4—11. Drag vs. speed .
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Families of isoparametric f i n i t e  elements are available for  scalar poten-

tial models (electric or magnetic) and for magnetic vector potential models .

These families presently consist of 6 d i f f e r en t  types : linear , quadratic ,

and cubic planar quadrilaterial elements; linear and quadratic 3-dimensional

brick elements; and a linear 3—dimensional triangular prism element. Nonlinear

material properties for permeability and permittivity will soon be available.

Output quantities available are scalar or vector potentials, flux densities ,

field intensities , energy densities, and electromagnetic forces. These results

may then be graphically interpreted using the general—purpose structural analy-

sis plotting system ICES—STRUPLOT. The STRUPLOT subsystem operates in the

interactive time—sharing environment of CMS.-ICES, using free—format CDL

(command definition language). Commands are selected dynamically and are based

on visual observation of successive plots produced .

Enclosed are four typical ICES—STRUPLOT plots from a magnetic bearing tooth

case study using quadratic eight—noded planar elements. The plots verify the

geometrical accuracy of the finite element modeling (Fig. 4—13) ; illustrate the

contour plotting feature for potentials , f i eld in t ensities, and f lux densities

(Figs. 4—14, 4— 15, 4—16); and illustrate nodal averaging for smoothing results

(Fig. 4—16). Note that the plots are a selected subset of the total model and

also that specific components of the field intensity and flux density vectors

can be selected .

These described electromagnetic finite element and field plotting capa-

bilities are an extension of well—known and popular general—purpose structural

analy sis systems, and future maintenance and/or further enhancement of them

will require very little extra effort.
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V.  MOTOR GENERATOR

A. Design Goals and Tradeoffs

An efficient flywheel system needs a motor generator with very low

coasting losses and e f f i c i en t  generating and motoring modes, in that order of

importance. High speeds allow a smaller unit and smaller electronics with

higher quality output, but make the efficiency problem worse. By using uncon-

ventional design approaches , the LL motor generator program attempted to

resolve this d i f f i c u l t y. The a t tempt  appears to be successful based on avail-

able diagnostics. High speeds require no slip rings or moving contacts . It

is difficult but not impossible to keep field variations small with a homo—

polar or Lundell type induction machine, so that a permanent magnet rotor

looked attractive. Active solid state commutation would allow output regu-

lation, so the lack of control of field strength would not be a problem.

Also , the lack of field exitation would avoid associated losses. However, the

field could not be turned off during coasting to avoid drag.

The availability of Samarium Cobalt permanent magnets prompted to choice

of a permanent magnet rotor . They offer a smaller, lighter rotor than would

otherwise be possible, and allow large magnetic gaps to minimize armature

losses.

To avoid high drag from the rotating field , an ironless stator was chosen.

This is compatible with the high coercive force of the rotor magnets. To avoid

eddy current losses in the stator , the conductors were made of Litz wire (very

small , individually insulated filaments) and no other conducting material was

used in the rotor . All iron in the magnetic path rotates with the magnets.

The choice of numbers of poles could be made two ways. If the stator cur-

rents are to be sinusoidal, produced by a chopped DC waveform , then the number

of poles must be minimized to keep the chopping frequency low. At 50 KRP M, a

two—pole machine with ten chopping cycles per rotation requires over 8 kHz

chopping rate. A two—pole machine would require long wire runs between poles .

However , using the concept of square—wave drive, the chopping frequency

equals the electromagnetic angular rate, so that ten times the number of poles
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can be accommodated at the same switching speed . It is also desirable to use

a 3 phase drive to eliminate third harmonic effects in the square—wave drive.

A 12—pole design allows this, with electrical chopping frequency of /&x rota-

tional rate , which at 50 KRPM gives about 3.3 kHz. Allowing 10% for rather

thin pulses for low—power motoring, this gives pulse widths of 15 psec, com-

fortably longer than the 1 psec switching times typical of appropriately

sized transistors.

A scheme for laying two rows of conductors with all three phases and no

empty space was worked out, allowing minimum gap in the motor and so minimum

magnet size. Stresses in the magnets appeared critical and a system of support

using titanium for support and an iron pole piece was designed. An iron return

path rotor was used.

The resulting structure was therefore a SaCo and steel and titanium rotor,

an iron return path, and an ironless stator with two layers of Litz wire.

Twelve poles and three phases were selected.

Various electrical voltage level schemes and switching circuits were con-

sidered. The driving consideration was that generating efficiency be high, so

the open circuit voltage was chosen to be higher than the required 28 VDC bus

over the generating range. An upconverter to a variable DC bus is used for

motoring, and a 3—phase bridge of diodes and transistors (6 each) used to

interface the H/C leads to a varying DC bus. The variable DC is then down—

converted (efficiently)  to the 28 VDC satellite bus.

At this point in the design, it was decided to contract out the final

design and characterization of the motor—generator to an experienced manu-
facturer . A design specification for the motor—generator and interface draw-

ing were drafted and released. Goals of 5 lbs and 85% generating efficiency

were set for a fully redundant 250 watt unit.

B. Design Realization

The contract was awarded to Sperry Electro Components after competi—

tive bidding. Sperry reviewed the design tradeoffs in the areas of chopping

frequency , conversion circuitry, and hardware implementation. Their findings
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agreed with our own that a three—phase, square—wave drive should be used, that

12 poles was near optimum, that the bridge and motoring upconverter and genera-

ting downconverter g ye best system efficiency, and that weight and eff iciency

goals were close to achievable values. The titanium magnet support structure

was modified but conceptually adopted. The use of Litz wire was adopted too,

but more to improve field penetration into the windings than to decrease drag.

The coils were wrapped on three separate layers for ease of manufacture , with

fiberglass stiffness between coils. The connection scheme was modified from

delta to wye to allow for nonuniformity of fields without excessive losses.
Appendix A is the Sperry report.

Sperry built a brassboard of the motor generator. It is like a final model

except for the use of readily available steel instead of high—strength materials,

as it is unable to run at full 50 KRPM. This brasaboard can be mounted to the

LES magnetic bearing test bed for further experiments.

Results of the design show that even higher efficiencies than expected can

be achieved with this unit, with average constant—power generating efficiency

of the generator of 96% and electronics 92.5%, giving system overall generating

efficiency of 88.5% estimated. Motoring is also good, with machine 94.5% and

electronics 89.5% for overall motoring efficiency 84%. This gives total input—

output efficiency of 74.3%, a very respectable number.
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vi. CONCLUSIONS

Momentum wheels made with magnetic bearings are far superior to those with

ball bearings for spacecraft use. They allow higher speeds and therefore are

lighter. They are more reliable over long periods of time. They require very

little operating power and can be made fully redundant. Their design should

be radially—passive, axially—active for applications requiring low cross—axis

rates due to satellite maneuvering, and 5—axis active for applications requiring

higher (over 1 or 2 degree per second) cross a~”is rates or an electronically

glinballed wheel.

The most troublesome aspect of a momentum wheel with magnetic bearings is

the potential interaction of the active bearing loops with the satellite struc-

ture. This can be resolved by design analysis but must not be neglected.

Energy storage using flywheels is only slightly lighter than NiH2 batteries

and is more complex. However, such energy storage looks attractive if atti-

tude control is combined with it. It also looks attractive if power require-

ments dictate extensive conditioning of the battery output voltage, through a

regulator or inverter.
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APPENDIX A

Lincoln Motor—Generator Design (Contract with Sperry Rand Corporation)

The Lincoln Laboratory flywheel system motor—generator design is compatible

with system design layout Fig. 4—1. It is a fully redundant 250 watt DC nrush—

less unit for operation on a 28 VDC satellite bus. Its samarium—cobalt perman-

ent magnet rotor is capable of 50,000 RPM operation with full generation capa-

bility down to 20 KRPM. Extra windings are used for induced EMF commutation

with a special start—up circuit needed for cold starting. It is a 3—phase,

12 pole, ironless armature design. The three phases are separately wound on

individual non—conducting armature atiffeners for ease of assembly, using Litz

wire to minimize eddy current losses. The permanent magnets and iron in the

magnetic circuit all rotate together to eliminate eddy currents in the iron.

A titanium containment structure houses the magnets and Iron on the rotor to

support the magnet material at high speeds. Magnets are purely in compression

by design . Estimated efficiency as a generator Is over 90%, as a motor over

85%, including electronics. Performance analysis and brassboard hardware were

delivered on 1 October 1977.

This design should scale up easily to the 6—10 kW level for larger system

applications. Higher scaling levels might impact the power switching electronic

interface.

Sperry’s report on the Motor Generator contract follows.

I
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A .1 INTR ODUCTION ANT) PURPOSES

This report is written to summarize t he  work perf ormed on Massach use tt s

Institute of Technology Lincoln Laboratory Purchase Order F19628—76—C—002 P0

CX—1340, Flywheel Motor—Generator Design as covered by MIT Specification dated
8 Febr uary 1977 and RFI No. 30098 dated 21 December 1976 and subsequent modifi-
cations as discussed in the design coordination meetings .

Th is order covered the des ign of an Axial Airgap , Ironless Armature ,

Brushless DC Motor—Generator and the development techniques for its fabrication .

The design effort involved trading—off motor generator performance with the

dr iver type and then optimizing the generating performance with secondary goals

of minimum weight , size , and high motoring efficiency.
An Eng ineering sample was fabricated to verify manufacturing techniques

and as a check on the magnetic circuit design.

A.2 REQUIREMENTS

The primary goal of this design effor t was to obtain max imum eff ic iency in

th e generator mode. Additional requirements and design goals were used to con-

strain the design . The salient requirements for the Motor—Generator are pre-

sented in Table A—I.

A.3 SUMMARY OF RESULTS

A tradeoff analysis was made of several possible commutation/regulation

systems resulting in selection of a three—phase , discretely commutated motor

generator using an external regulator and operating at relatively high voltage ,

i.e., always higher than the bus voltage.

A twelve—pole motor/generator was designed which exceeded all perf ormance

requirements. This design has the following features:

90

—

.

~~~~~~~ 
______



TABLE A-i

MOTOR-GENERATOR REQUIREMENTS

PARAMETERS UNITS REQUIREMENTS GOAL

Generator Output Power Watts 250 Mm .

Output Voltage Volts 28

Generator Efficiency % 92% Mm .  Max.

Total Generator Mode Efficiency % 70% M m .  Max.

Redundancy — Full

Weight — One Motor Generator Lbs. 5 Max. M m .

Full Redundant Lbs. 6.5 Max. M m .

Rotation — Bidirectional

Speed Range

Motor RPM 0 to 50,000

Generator RPM 20,000 to 50,000

Air Gaps and Clearance Inches .015 M m .

Design Lifetime Years 10

Cycles 3000
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- Fully Redundant Windings.

— Samarium Cobalt Magnets.

— Integral Pickoff Winding for Commutation.

— Primary Losses Resulting in 96~ Generator Efficiency.

— Litz wire for Coils to Minimize Losses.

- High Strength Titanium Rotor Structure.

Figure A—i shows the performance and outline drawing for this unit.

A .4 SELECTION OF MOTOR/GENERATOR TYPE AND DRIVE INTERFACE

The design approach is determined primarily by the system generating

characteristics and , secondarily, by motoring performance. In generating, the

system must convert a raw generator output which varies more than two to one in

voltage and frequency to regulated 28 Volts DC. As a motoring system , the

electronics must carry out both commutation and motor current regulation.

Several possible schemes exist to accomplish these functions. Three trade-

off areas heavily impact the system design. The first of these is method of

commutation. Define:

Discrete Commutation: Motor (or generator) commutation by sequentially
connected each motor phase to a fixed voltage source such that the
desired direction of rotation is attained . Often called “Square
Wave Drive”.

Continuous Commutation: Effecting sinusoidal current drive by using
pulse width modulation (PWM ) techniques.

Although simple, there is little place for two phase discretely commutated

motors in high efficiency systems due to the third harmonic loss. A three

phase approach, however , results in elimination of the third harmonic.
A second area of decision is Integral versus External voltage regulation ;

Integral Regulation: Use of pulse width modulation to combine motor/
generator commutation with current regulation.

External Regulation: Commutator and voltage regulator are separate entities.

Integral regulation has the advantage of high efficiency since most driver

losses are associated with the voltage drop across “ON” semiconductors, and

this approach minimizes the number of in series semiconductor switches in a
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system . It should be emphasized that this discussion is limited to digital

drive techniques where regulation is accomp lished by pulse width modulation

such that efficiency is much higher than with a linear type voltage regulator.

External regulation frees the commutator to be optimized for the commutation

task , such as with very high motor frequencies where the PWM frequency gets too

high and switching losses become significant.

The final trade—off , and the one not considered in the proposal , might be

called High Voltage versus Low Voltage. Define:

High Voltage System: Motor/Generator peak back eznf always higher than the
bus voltage (+28 VDC).

Low Voltage System: Motor/Generator back etnf always lower than the bus
voltage.

SFS has done considerable work with the latter system. As will be shown,

the high voltage approach offers excellent efficiencies. A system in which the

peak back emf may vary between greater than and smaller than the bus voltage

presents formidable implementation problems in the electronic driver.

There are eight combinations of these three parameters that a system might

have. Most will be rejected by the following arguments. First, con8ider

Continuous Commutation with the other two choices. Continuous Commutation with

External Regulation is redundant since the commutation process itself must

regulate the bus voltage to provide sinusoidal motor current. Continuous Counnu—

tation in a High Voltage System is possible, but requires a very complex driver

to meet the combinations of motoring or generating, instantaneous bus voltage

higher or lower than instantaneous back emf, and instantaneous motor current

positive or negative. This driver is not only complex, additional switch drops

are introduced which lowers its efficiency. Even with considerable effort, a

driver circuit could not be conceptualized which did not have bidirectional

power switches (switches which could , under control of a low level signal,

either block voltages of both polarities or pass current in both directions).

Such switches can be built, and consist of two transistors and two diodes each,

with up to 2.9 volts drop across the switch. Controlling the switches is also

complex.
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Because of the additional switch drops, a Low Voltage, Externally Regulated

system cannot compete with a Low Voltage system with Integral Regulation. A

Discrete , Integral, High Voltage system has many of the problems of a Continuous ,

Integral , High Voltage System, and can be rejected. A fliscrete, Integral , Low

Voltage system would be a viable candidate; a three phase version using fewer

switches than its two phase, Continuously Commutated , Integrally Regulated , Low

Voltage counterpart. The three phase design would be slightly less efficient ,

however , due to the nonsinusoidal current waveform. In view of Sperry ’s con-

siderable experience with the two phase approach, this type of discretely corn—

mutated system is therefore rejected.

The results of this narrative is summarized in Table A—2. It can be seen

that two candidates are left:

Type 4. Discretely Commutated , Externally Regulated , High Voltage System

Type 5. -ly Commutated , Integrally Regulated , Low Voltag’~ ystem

The latter ’s opLi1ft~ :orm factor is two phase with “H” bridges for each phase .

Sperry experience has been concentrated in that area. The former is new to

Sperry.

Figure A—2 gives a conceptual schematic for the new approach. Current

sensing techniques are not shown and would have to be worked out. Transistor/

rectifier parts QI/CRI. through A6/CR6 form the commutator for a three phase

delta connected motor. As stated previously, the three phase configuration

reduces the harmonic content of the discretely commutated drive waveform. The

delta format is chosen to minimize commutator requirements in that the delta

does not require one of the transistors of a totem pole pair to turn ON lust

as the other is turning Ji.’. Many “shunt spike’ problems are therefore •wided .

The number of motor turns is also maximized with the delta connection. The

six d iodes full wave rectify the output in the generation mode. The motor

interfaces with a high voltage Unregulated Bus which Is roughly equal to the

peak back emf of the motor.

A pulse width modulated switching regulator with three modes of operation

is formed by the remaining semiconductors. A single energy storage inductor ,
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Fig. A—2. High voltage M/G drive concept.
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Ll , is used in the regulation operation . When in the generating mode , the
system Unregulated Bus is stepped down by the PWM action of 07, with CR8 acting
as the catch diode. When motoring in the normal state of the Unregulated Bus

being higher th~’n +28 volts, a pulse width modulator is formed by Q8 and CR7.

Finally, Q9 and CR10 form a third pulse width modulator which is only used at

system start up when the motor back emf is less than the bus voltage. Since the

Q9 modulator is only required at start up, 1(1 can be used to increase efficiency

by bypassing that regulator. CR9 protects 09 in case Ki is left open and the

system returns current to the bus.

The Appendices go through efficiency calculations for each of the two can-
didate systems. A peak Unregulated Bus voltage of 100 volts was somewhat

arbitrarily selected for the High Voltage system, based on existing semiconduc-

tor technology and the potential high reliability application . The Low Voltage

approach is based on a back emf compatible with a 27 volt minimum bus.

Table A—3 presents the results of these calculations. The range of efficien-

cies for each mode and type is the result of speed dependencies. A 2:1 speed

range (75~ of available energy extracted) was selected for this comparison.

The very attractive generating efficiency of the High Voltage system makes it

the prime candidate for implementation. This choice is considerably strengthened

by the very high pulse width modulation frequency required with a 50,000 RPM

integrally regulated motor and by an initial motor design which revealed dif-

ficulty in keeping the motor back emf low enough for the Low Voltage approach.

Although not shown in Fig. A—2 , it is likely that additional inductances

will have to be added to the commutation circuit to control semiconductor cur-

rents as the proposed motor has negligible winding inductance. Alternatively,

it might be possible to eliminate Cl. Since the winding resistance is also

virtually negligible , careful circuit design will be necessary to prevent

destructive currents from flowing.

The motor/generator selected is a three phase, delta connected device.

The motor/generator will operate over a 2.5:1 speed range (20K or 50K RPM).

At 20,000 RPM, the device as a generator must have sufficient average back emf

to overcome the bus voltage plus rectifier drops. Using full wave rectification ,
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TABLE A-3

DRIVER EFFICIENCY COMPARISON

High Voltage Low Voltage

Generating 91-94% 77—88%

Motoring 88—91% 75—86%
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that portion of a sine wave encompassing 60 degrees each side of peak is the

active waveform to be rectified . The average value of such a waveform is tJ.8270

times the peak value. Assuming a 28 volt bus and 3 volts of switch/wiring drop,

the back emf at minimum operating speed must then be at least:

28 + 3
V . = = 37.5 volts peakmm .8270

As an alternative to an auxiliary start—up circuit to accommodate the condi-

tion of motor peak back emf less than the bus voltage , start—up could be accom-

plished by wave width modulating the commutator to limit the current. Eff1cien~ y

in this mode is unimportan t since it is only done once during the flight. This

could comp licate the low level circuitry somewhat , but eliminates Q9, CR9 , CR10 ,

and K! from Fig. A—2.

Some t ime was spent looking at wave width modulation techni ques for the

three phase concept. By using sinusoidal sense winding outputs , it was con—

-luded that speed independent , wave width modulation could be accomp li shed

which was symmetrical , eliminating the third harmonic under all conditions.

A .5 MOTOR/GENERATOR DESIGN

‘flits pro3ect presents a challenge in two distinct areas——electromagnetic

and mechanical. In arriving at a final desi gn, both areas must be considered .

The next section will present a development of the basic equations used in the

des ign of this motor/generator followed by a section on the final design.

A.5.A . Developmen t of Models

The decision to use an external inductor as part of the commu—

tation/regulat Ion elec tronics makes modeling the induct ance of less impor tance

than antici pated In the proposal. The large air gap, absence of iron in the

armature , and low permeability of the Samarium cobalt permanent material

Inherentl y result in very low inductance which can be neglected In the motor/

generator analysis. Thus the primary parameters needed to establish the per-

formance are the winding resistance and the generated back emf. The resistance
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calculation is simply a matter of determining the length of the conductor from

the geometry of the armature and will not be detailed. The back emf was cal-

culated as follows:

The basic equation for voltage due to a conductor moving in a magnetic

field is:

e = B l V x lO 8 (1)

where e The generated voltage in volts.

B — Magnetic flux density in lines/in
2
.

1 = Effective length of conductor in B field in inches.

V Velocity of conductor relative to field in/sec.

the velocity due to rotation is:

V — wr (2)

w = Angular velocity in rad/sec.

r — Radius in inches.

substituting (2) into (1) and rearranging —

e —8— = B ~~~r x 1 O  (3)

for multiple conductors

K
B 

— -
~~ 

B 1 r N/eff x 10
8 (4)

For our case, we need only to determine the flux density in the air gap and

the effective turns. All basic discussions of permanent magnetic circuits show

that minimum magnetic material is required to obtain a specific air gap flux
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density if the magnet is operated with a shear slope to give maximum energy

product (B x H). We have found at Sperry that the minimum total weight for

conventional motors and generator is usually obtained at somewhat higher shear

slopes and never at lower. For this design, using an ironless armature result-

ing in a very large magnetic gap, and requiring substantial sections of non—

magnetic material to provide mechanical strength, it is not practical to utilize

sufficient length of permanent magnet material to obtain a shear slope signif i—

cantly greater than 1.0 which is the maximum energy point for Samarium cobalt

and this was selected for this design.

The magnet flux density can be determined from the manufacturer supplied

demagnetization curve for a B/H of 1 to be 4K Gauss. Some suppliers provide a

curve for a “reluctance factor” to reduce the flux and obtain the useful flux.

This method or a leakage factor, usually imperically or intuitively obtained ,

must be used to obtain the “useful” or air gap flux density. Either method

results in a factor of 0.8 or an air gap flux density of 4.0 x 0.8 3.2 Kilo

Gauss or 20 Kilolines per square inch magnetic flux density in the gap.

The effective number of turns is obtained from the final magnetic con-

figuration by determining the maximum number of turns which will be located in

the B—field. Using this number of turns will give the peak back emf.

The major mechanical design problem was to contain the rotating permanent

magnets at speeds of 50,000 RPM. The analysis of the stresses in the rotor were

conducted using standard methods, primarily from Roark’s book, “Formulas for

Stress and Strain”.

A.5.B. Final Design Parameters

1. Electromagnetic Design and Performance Calculations

The electronic interface analysis (Section A.4) defined a

three—phase motor/generator with a voltage of 37.5 volts peak minimum at

20,000 RPM or a back emf constant of —

KB 

= 

20,000 x .l047 
— .018 Volts/Red/Sec minimum
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For maximum efficiency , the winding resistance should be minimum .

Analysis of Generator Losses

The major losses in a conventional permanent magnet generator are:

— Stator or Armature 12R losses

— Fundamental Frequency Iron losses
(Eddy Current and Hysteresis)

— High Frequency iron losses

For the ironless armature design, the fundamental iron loss is nonexistent. The

high frequency iron loss is caused by pulsations of the flux as the magnet rotates

past the slot openings. This is also nonexistent. At the high frequency encoun-

tered at high speed , consideration must be given to increased resistance of the

conductors due to skin effect. Also since the conductors are located directly

in the flux field , the effect of eddy current losses must be evaluated.

The losses to be considered then are the armature 1
2R losses and eddy cur-

rent losses in the conductors. The original concept for the winding was a delta

connected winding using five active poles for each redundant half and one pole

for each sense winding. After some preliminary measurements of air gap flux

density showed approximately 10% variation from the magnet surface to the return

path , it was concluded that the windings should be connected in wye to elimi-

nate the possibility of losses due to circulating currents.

Attempts to calculate the eddy current losses due to the changing flux

density proved fruitless. By using several “reasonable” assumptions, the

calculated losses varied from neglectible to greater than rated output . A

test was conducted to determine if these losses were significant. A toroidal

core of laminated nickel iron was fabricated as follows:

Outside Diameter 6 inches

Inside Diameter 4—7/8 inches

Length 1.1/16 inches

Slot 1/16 inch

Turns 100

Resistance 0.4 ohm

Inductance 1.92 mH

1.03
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Tests were conducted to determine the flux density in the gap versus current as

follows:

Input Current Gap Flux Density

0.25 270 Gauss

0.50 Amp 553 Gauss

0 .75  Amp . 818 Gauss

Tests were then made to measure the input power when excited at 2000 Hertz and

5000 Hertz with nothing in the gap, with one of the coils wound with Litz wire ,

with a coil wound with solid wire, and with a sheet of aluminum foil. The cur-

rent was set at .65 amp rms to give a gap density of 1KG peak. The increase

in power as the various samples were placed in the air gap is tabulated below:

IN GAP INCREASED POWER AT 2K HZ INCREASED POWER AT 5K HZ

Nothing 0 0

Coil of Litz Wire < .03 <.03

Coil of Solid Wire <.03 <.03

.002 Th. Aluminum Foil >2.0 >4.0

.005 Th. Aluminum Foil >4.0 >8.0

In the above test, no increase in power could be measured with the generator

coils, either using solid wire or Litz wire. The resolution of the meter was

approximately .03 watts. As a worst case, then, the eddy current losses will

be:

2
Max. Losses — ~ -j

2
~j ~ 

x Number of Coils x .03

3 2  2
Max. Losses — 

~
-j-
~
-
~ ~ 

x 12 x .03 3.7 Watt

The increase in resistance due to skin effect for solid wire is:
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SPEED AC RESISTANCE

20 ,000 1.2 x Rdc

50 ,000 2.25 x Rdc

With forty strand Litz wire, the increase in resistance is neglectible .

A summary of the calculated parameters for the generator is tabulated in

Table A—4 using tested values for selected parameters. This table shows that

the generator efficiency is 92.9% at 20,000 and 97.6% at 50,000 RPM using the

worst case eddy current losses. These calculations are based on one of the

two redundance windings.

Performance as a motor is summarized in Table A—S using the same basic

parameters. This table shows that the motor efficiency is comparable to the

generator under the condition of 250 watts constant output power. If it is

assumed that the duty cycle specified in “Specification for F1.ywheel Motor—

Generator Design” is used and the average torque for constant acceleration is

used , the efficiency drops to 84% at 20,000 RPM, 93/ at 50,000 RPM, or 88.6%

average efficiency. The primary loss in this case is the eddy current loss

of 3.7 watts which is a worst case number and is likely high.

2. Mechanical Design and Stress Calculations

The motor generator consists of three separate pieces——the

armature or stator , the permanent magnet rotor , and the return path. See

Outline Drawing in Fig. A—i . The construction of each of these will be dis-

cussed separately below.

a. The Armature

The armature is fabricated using three coil forms

made of epoxy impregnated fiberglass to hold and provide proper spacing of

the twelve wound coils. The coils are wound on a special form to give the

same shape as the coil form and are impregnated prior to removing from the

winding form. After the coils are assembled and bonded to the coil forms, the

three stages are located in an aluminum bracket and the coils are connected
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TABLE A—4

GENERATOR PERFORMANCE

PARAMETER UNITS CALCULATED VALUE

Winding Resistance Ohms .39

Back emf — KB Volts/Red/Sec .023

Inductance Microhenries 15

At 20,000 RPM

Generator Voltage Volts Peak 48.1

Average Voltage Volts Peak 39.8

Current at 250 Watts Amps DC 6.28

R Losses Watts 15.5

Eddy Current Losses Watts 3.7

Total Losses Watts 19.2

Efficiency % 92.9

At 50,000 RPM

Generated Voltage Volts Peak 120.4

Average Voltage Volts DC 99.6

Current at 250 Watts Ampa 2.51.

R. Losses Watts 2.46

Eddy Current Losses Watts 3.7

Total Losses Watts 6.16

Efficiency 97.6

Average Efficiency 7. 96%
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TABLE A—5

MOTOR PERFORMANCE

PARAMETER UNITS CALCULATED VALUE

Wi nding Resistance Ohms 0.39

Bac k emf — KB Volts/Rad/ Sec .023

Inductance Micro Ohms 15

Torque Constant Oz. In/Amp 3.26

Average Torque for 10 Hr. Run—up Oz. In. 1.35

At 20 ,000 RPM, 1.35 Oz. —I n.

Generated Voltage Volts Peak 48.1

Input  Current Amps .414

12R Losses Watts .067
Eddy Current Losses Watts 3.7
Total Losses Watts 3.77

Output Power Watts 20

Efficiency % 84.1

At 20 ,000 RPM, 250 Watts

Generated Voltage Volts Peak 48.1

Input Current Amps 6.28

12R Losses Watts 15.4
Eddy Current Losses Watts 3.7

Total Losses Watts 19.1

Output  Torque Oz. In. 16.9
Efficiency % 92.9

At 50 ,000 RPM , 1.35 Oz. —In.

Generated Voltage Volts Peak 120.4

Input Current Amps .414

1
2R Losses Watts .067

Eddy Current Losses Watts 3.7

Total Losses Watts 3.77
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TABLE A—S (Continued)

PARAMETER UNITS CALCULATED VALUE

Output Power Watts 50

Efficiency % 93

At 50,000 RPM, 250 Watts

Generated Voltage Volts 0—Peak 120.4

Input Current Amps 2.52

12R Losses Watts 2.48

Eddy Current Losses Watts 3.7

Tota l Losses Watts 6.18

Output Torque Oz. —In. 6.77

Efficiency % 97.6

Average Efficiency at 1.35 Oz—In. % 88.6

Average Efficiency at 250 Watts Out % 94.5

Sense Coil

Resistance Ohms .05

Back emf Constant — KB Vo1ta/R~ad/Sec .005
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using press fit terminals around the outer land of the bracket. The jumpers

and connectors are insulated and protected with a polyurethane coating. The

coi l  as sembly is then potted using a heavily f i l led epoxy .
b. The Ret urn Path

The return path is machined from a high strength stain-

less steel and heat treated for maximum strength.

c. The Permanent Magnet Rotor

The permanent magnet rotor presented the primary chal-

lenge to the mechanical design. After several false starts, the final design

was selected to consist of a high strength titanium ribbed structure to contain

the magnetics on five sides, a magnetic plate containing the magnets on the

final side and providing a return path, and a final titanium ring with a shrink

fit to share the stress load . The sketch in Fig . A—3 shows the general con-

struction of this member. Some of the key design points are:

— Outer surface of magnet flat to distribute load

— Magnets bonded at OD only (i.e., All stresses are compressive)
— Return path supported at ID only (i.e., does not induce any

stress load in Ti housing) .
— Magne t is contained on all sides.

Appendix 3 contains the Rotor Stress Analysis. A summary of the stresses

are shown In Table A—6.

TABLE A-6

STRESS SUMMARY

SECTION MAXIMUM STRESS (KPS 1)

Magnetic 17.7 (Compresses)

Outer Ring 94.2 (Tension)
Ribs 50 (Tension)

Inner Hub 42 (Tension)
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Fig. A— 3 . Construction of rotor.
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WEIGHT

The calculated weight f or the motor generator is four pounds with a break-
down as follows:

ITEM WEIGHT

Rotor Shell 1.0
Magnet Plate .42
Magnets .42
Outer Ring .87

Total Magnet Rotor 2 .71

Return Path .71

Wire .20
Coil Form .15
Coil Bracket .16
Pott ing and Miscellaneous .1

Total Stator .61

TOTAL 4.03
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A.6 COMMENTS ON SAMPLE FABRICATION

In general , the sample worked out well as designed with only minor cor—

r~ ct ions being required . The major item which will require changing , if

additional units are built , is to increase the diameter of the armature flange

t o  allow more room for the wire terminations . Difficulty was encountered in

trying to contain this wire and it was necessary to omit sleeving from these

jumpers on the breadboard unit.

Material substitutions were made on this unit to use material in stock at

Sperry. Thus , the ro tor housing is fabricated from 304 Stainless Steel rather

t han Titanium and the magnetic plates are 416 steel rather than 440C. These

substitutions would prevent any high speed test.

The test performed on the samp le a t Sperry consisted of meas ur ing:

Resistance

Ind uc tance
Back emf constant

Wave shape

A summary of these data is presented in Table A—7 and Figs. A—4 and A—S.

Photos of the engineering unit are shown in Figs. A— 6 through A—8 .

I
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TABLE A-7

TEST DATA ON BREADBOARD UNIT

TERMINAL S RESISTANC E INDUCTANCE KB
(Ohms) (mM ) (V/Rad/Sec)

81k (18) — Red (5) .396 
- 

.0344 .0239

Red (5) — Blu (4) .397 .0358 .0243

M u (4) — Blk (18) .399 .0347 .0244

Bik (36)  — Red (23) .388 .0353 .0247

Blu (22) — Blk (36) .385 .0338 .0246

Wht (2) — Yel (3) .0853 .0094 .00499

Yel (3) — Gm (1) .0841 .0089 .00490

Cm (1) — Wh t (2) .0858 .009 .00488

Wht (20)  — Yel (21) .090 .009 .00499

Yel (21) — Gm (19) .085 .009 .00495

Cm (19) — Wht (20) .087 .0091 .00488
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~ ~ / - 

/ -

BLUE - - - 1’

-~~~~~~~iii ~~~~~~
Fig. A—4. Output vo1tag~ waveshape and phasing.
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[ L8— 6— 189 21 I

5 V / c m
OUTPUT :)7V P-P

1 V / c m
VA RIAT I ON < O.2V

< 2.3 PERCENT

Fi g. A—S. Output uniformity.
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Fig. A—6. Breadboard..unit in test fixture.
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Fig. A—7. Stator for breadboard unit.

11 7

_ _ _  ______



fl- - 5 - - -- . - -  - _

I - - 
~ 4~ 

-

41 .- ~~~~~~~~~~~~~~ 
- 

-

______________________ 
- -

~~ 

- - 

i
i

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Fig. A—8. Rotor for breadboard unit.
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A.7 Two—Phase Continuously Commutated Efficiency Calculations

TWO I’IIASE BACK EMF < 28V EFFICIENCY

A. Motoring

I~~U ~‘ E A ( l~ F Il- “ ,~~V Ej~ijçj~~~C~

A . MllI ,I( IN. t2~~V

SI C R 1  ~CRS ~~~
(I OF 2 PHAS E)

C R 2  MOTOR ; C R 4  \~~ s 4

I _ _ _ _  _

Fig. A—9. Motoring diagram .

Sinusoidal current is pumped through the motor by holding S4(S2) on and Pulse

Width Mod ula t ing Sl(S3) (Parentheses mode is negative current flow ; S1— S4 is

defined as positive current flow.) Consider the positive half cycle. Assume

that  the average of switch drop and catch diode drop is 1.5V. Therefore , the

average switching voltage drop in always twice that , or 3.0 Volts.

The power delivered to the motor which Is converted to mechanical power

is i e , where e is the motor back emf:m b  b

eb K.~,w SIN uT

Where — Back emf constant in vol t s /mad/sec .

w — Motor rotat ional velocity in rad/aec.

The motor copper loss is i 2R

j  And the switch voltage drop loss ~~ 1m VD
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Where VD - Average switch drop

— 3.0 Volts as discussed above.

It is fur ther  assumed that the driver loss due to switching transients is

negligible. This is a warranted assumption. Without going through the deriva-

tion , the loss in any one switch is approximately

V . i  2tB m r
6 T

Where V8 — Bus Voltage

I — Average Motor Curren tin

t — Switch rise (or fall) time

T — PWM period

It can easily be shown that i — I
in IT pk

Where I is the peak motor current.
pk

i — I SIN üT
in pk

im 
- ~~ J SIN ~T dwt - —

~~~~~ COS ~T ~

Note that I is selected to be in phase with the back emf. Thl a results in
m

maximum efficiency.

Taking both SIN and COS phases into account:

Pout - Mechanical Output Power — 
eb + 

eb 
i~

Where eb — Back EMP f or SIN wind ing

— Motor Current in SIN winding

- Back E?~!F for COS winding

im — Motor Current in COS winding
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Pout (K.1~ w SIN uT) 
~~pk 

SIN wT) + (K.0 w COS wT) 
~
1pk COS wT —

K,0 w I
k

(SIN 2 wT + COS2 w T ) = K B c~~
I
pk

Motor Losses (ignoring iron loss) Pml

Ptnl = i
m m

it ITR R

In 71 pk f  SIN 2 
~T dwt— —  IPml =-.

~~
. f i

2 dwt in 2

o 0

2R I
= 

m pk [1/2 ~T - 1/4 SIN 2 ~iTJ 1
IT

IT
0

2 R I 2R I
— rn~~~~ _ ‘It 

— - 
in pk (Per Phase)

IT 2

And driver loss = 
~dl is:

P — i vdl m l )
IT 2 VV~ 
~ 

I SIN ~T dwt — ~~ 
‘pk (Per Phase)dl 

~~~~~~~j  pk
o

Bus Power — P
8 

= Pout + Pml +

= K~~~~ I + R ~ k 
+ 

~ 
V~ ± ‘pkpk m p

— I [K,~~~+ R  Ipk 0 in pk it

And Driver Efficiency —

Pout + Pml
— N~ 

~B 
x lOO%

K~~~+ RB i n p
— 11D 4

lLw+R I + — V
in pk it D

121

—a- 
__________  

_ _ _ _ _ _- — 
~~~~~~~

.— — —5-.- 5-— -— - -  5-—-
~~
.-.- - - _ -  

~~
- - ?~~~ - - - ____ -



For further simplification, assume Pml — 0

KBWThen ND — 
4+ ~

With the assumption that switch and diode drags are equal (in reality,

diode drop is ~.lV and switch drop is < l.9V), the same equation applies to

generation. Referring back to Fig. 1, generation is accomplished by maintain-

ing ——

i — I SIN wT
in pk

This is done by opening all switches except S4(S 2 ) ,  which is pulse width

modulated . On closing, the motor is effectively shorted , and fin builds up. On

opening, the energy stored in LM provides an output to the bus via CR3 (CR1),

even though the back emf is less than the bus voltage. Generating, in general,

will be slightly more efficient than motoring because of the substitution of a

diode drop for a switch (transistor) drop in the former case. ( ~ 2% higher)
So, let’s design a motor. The back emf must always be less than the bus

voltage minus switch drops no that motoring may be accomplished .

Set V — 27 VoltsB(min)

VD 
— 3 Volts

VF 
— Wiring, Filter Drop — 1 V N.C.

Then a. — ILwW max. — 27—3—1 — 23 Volts
D(max)

CL)maxIfwmin — 
2

Then ILoi — 11.5 Volts
ii mitt

And:
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Kw tn in K u m a x
B x 100% < N

D 
< — 

B x 100%
K
B
L )min+

~~~
V
D 

— 
K
8
w max +~~~V~

11.5 x 100% < N < 23 x 100%
1l.5+~~~ .3 

— D — 23~~~ 4 3
iT 71

75% < N
D 

< 86%

Readdressing switching time losses:

— Switching time efficiency

— 2V x lOO%
B .2 tr

KBw +
~~~~ T

IfT = SO M sec

tr = lM sec

Then, at K.~ m m ;  N
5 

= 56 2 x 100% — 99%
11.5 + -~~~ ~~~
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A.8 Three—Phase, Discretely Commutated Efficiency Calculations

THREE PHASE EFFICIENCY

Definitions

VB = Bus voltage, nominalcy +28V

V~ — Unregulated , or Motor/Generator bus voltage.

K8 = Back EMF constant, V/Rad/Sec.

W — Rotational Velocity, Rads/Sec.

VT — Voltage drop across transistor switch, < l.9V.

— Voltage drop across diode, < l.OV .

‘B — +28V Bus current.

— Motor (unregulated bus) current.

N — Efficiency, with subscripts delineating commutator , regulator ,
generating , and motoring modes, i.e.: N indicating efficiency
of the commutation in the generating mod~~

I
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THREE PHASE EFFICIENCY (Neglecting external inductor losses)

A. Motoring

1. Commutating Efficiency, Ncm

2V
N — (l— —--~)x10O%cm

2. Regulator efficiency, Nrm

Q8 and CR7 form the pulse width modulator in this mode.

VB
Q8 is on 1 — -j— of the time

U

V
CR7 is on of the time

U

V V
Losses are ± ‘B (VT (1 — 

~~
) + V

U U

Total Power is VB
I
B

f V8 
V

LVT (1 - — ~~~~ 
) + VD V

so N  — 1—  
U U x lOO%rm VB

so combined motoring eff iciency, N.~ is:

NM 
ii~(1 — 

2 V +) ~ ~~ 

(1 - 

VB 

+ VD~~~~ 
~ 100%
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Now,

V
u 

-

Realizing the state—of—the—art in s~ niconductor technology, combined with the

potential high—reliability application, Set V~ (Max.) — 100 volts. If w —mitt
1/2 ~ , then 50 < V ( lOOV. For CL)

mittmax U

2.1.9’ ______________________________N
M 

— 
so [ 

[1.9 (1— .~~
) + 1.0 (28 

1

28 

....
_ .)J]} x 100%

,
. .836 + .56— (.924) ~1 — 28 ~ 

x 100%

— (.924) (.950) x 100% — 88%

For Wmax 28
2 1 9  (1.9 ( 1_ f ~ ) + 1.0

N
M 

— (1 — ~ 1 — 28 
x 100%

1.368 + .28
— (.962) (1— 28 x 100%— (.962) (.941) x 100% — 91%

B. Generating

1. Commutation Efficiency, Ncg

N — I’l_ _ — i)  ~ 100%cg 
\ 

V11

2. Regulator Efficiency, Nrg

Q7 and CR8 form the pulse width modulator in this mode.

Q7 is on of the time .
U

VBCR8 conducts 1 — 

~~

— of the time.
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Losses are

‘B [VT ~~ 
+ VD (1 

—

Tota l output power is ‘81B’ ~~°

[VT 
~
TB + V

D (1 —

N — 1— V 
x lOO%

rg B

and combined efficiency, N
~ 

is:

Nc 
- 

~~(i4) 
l i U

v~~~~~~~~~~~~
x 1OO%

For LI
mm

Nc 
— — 

2.1 

~ El — 28 

(1 —
~

) ] ]
~ 100%

— (.960) (1 — 
1.064 + .44) x 100%

— (.960) (.946) x 100% — 91%

For W : -

max

N
c 

— )l_  ~~i 

[

[1.9~J~~
+ 1.0 (l_ ~~~~J]~ x 100%

— (0.98) (1 •532 + 2)~ x 100%

— (.98) (.955) ~ 1002 — 94%
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A.9 Rotor Stress Calculations

STRESSES

Rotational Stress

O.D. — 5.3

I.D. — 4 .875

It — .175

R — 2.544

— 5235 rad /sec .

S — (page 360)

.175 x 2.544 2 x 5235 2
— 386.4

S — 80.3 Kpsi

Mass of Magnet

— 
. 85 + .45 x .75 X .25 x .29 — .0353 lb. each

F - MyW 2 
- 

W IW

— 
.0353 x ].5x 52352 

— 3 .755 Kib. each

Case 6, Page 217

3WS —max 24itt
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- 5 - - - -. 

~~~

.

W = Unit Load ~ — 17.67 K psi

t = .385

3 x 17.67 /Sr max 
= 

2 
= 28.-.6 K psi

4it x .385

= = 
S 

max 28.46 
=

4-it t

in 1/V 3

Totals

St = 80.3 + 9.5 — 89.8

S~y = 28 .46

= 
~~~~~~~~~~ 

+ 28.462

S = 94.2

In Ribs

F 
— 

3.755 K pai
A .3 x .25

— 50.06

Inner Hub

Rotational

O.D. — 3.0

I.D. — 2.0

L — .625
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r~~

— .175

y — 1.25

t — .5

W — 5235

s aR
2
W
2

386.11

.175 x 1.25
2 x 52352

386.4

S — 19.39 Kpsi

Case 9, Page 174

Max . Tension — 1/2 V COT 8

— 1/2 ~ — 7.01 Klb .

a — T/A

— 
7.O Klb: 

— 22.4 Kpsi

Total 22.4 4 19.39 — 41.8 O.K.

STRESS ON MAGNET

F — 3.755 K each

A — .850 x .250 — .2125

a — F/A — 17.7 Kpai. compressure

VS 42

NOTE: All page numbers and case numbers refer to: Formulas for Stress and

Strain , R. J. Roark (McGraw Hill Publishing Company) Fourth Edition ,

1965.
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A.lO Addendum-—F inal Rcport

MAGNETIC CIR C

The magnetic circuit is designed to utilize the high coerc ivi ty of Samar ium

cobalt. As a result , manufacturing tolerances and rotor—stator clearances do

not appreciabl y affect performance. Figure A— iD shows the basic magnetic circuit

including the dimensions affecting the magnet operating point.

- 
i_  ~~~~~~~~~~~~ 

ROTOR
— - - S H E L L

ROTOR / M A G N E T I C
P L A T E ‘~TA T O R  

/ 

PLATE

~~~~~ / •~ :~~

qry~ - M E C N A N I CA L  \
\ ,,

/‘ -:;~~~
‘

A I R  GA P 

~~~~ .\ / ‘
~~~!~~~~~~

~~ U
4 0.250 ± 0 00)

0 0 ) 5 ± 0 0 0 2

gm

a 0 250 ± 0.001

F ’Ig. A— b . Magnetic circuit.
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The effective magnetic air gap is the sum of the rotor shell covering the

magnet , the stator thickness, and 2 gm. For purposes of analysis, the mechani-

cal air gap is assumed to be .020 ± .005. From worst case tolerances, the mag-

netic air gap is:

M m .  Cap — 0.292 in.

Max. Gap = 0.318 in.

Thus, the extremes of magnet operation are:

Mitt. B/H = 
Mm .  Magnet Length 

- ,~ 80 — .98Max. Gap x Leakage Factor .318

Max. Magnet Length .251Max. B/H — — — x .80 — 1.075Mm .  Gap x Leakage Factor .292

From the normal demagnetIzation curve for Samarium cobalt , the operating flux

density is:

B — 3.95 KilogaussM m .

B — 4.15 KilogaussMax.

This variation is +3.75%, —1.25% from the design nominal of 4.0 Kilogauss. Con—

siderable latitude is thus permissible in establishing the mechanical air gap

without significantly affecting performance.

Another factor which contributes to a conservative design is that Samarium

cobalt magnets manufactured recently are exceeding the normal demagnetization

curve used (8 Kilogauss to 8 Kilo—oersteds).

WORST CASE EFFICIENCY

Efficiency of the unit as a generator is controlled by three factors:

1. Generated Back EMP,

2. Winding Resistance, and

3. Rotational Losses.

Under the operating conditions of 20,000 to 50,000 RPM, the variation in

generated back EMF is controlled by the air gap flux density. Variation in

density due to manufacturing tolerances and air gap dimensions was shown to

be +3.752, —1 .25%. The other variable is magnet fabrication consistency.
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This is typ ic a l ly  ~~~ From Sperry ’s experience with Samarium cobalt , total

un i t—to—uni t  va r ia t ion  in back EMF does not exceed ~l07. This factor is used

for worst case analysis and is considered quite conservative.

Winding resistance variation is primarily due to wire fabrication toler-

ances but is estimated to be ~107 to allow for winding technique and l umper!

lead wire routing.

Rotational losses (eddy current losses) were determined as a worst case

limit in the fina l r epor t  and are projected to be 3.7 watts maximum .

PARAMETER NOMINAL WORST CASE

KB Back EMF (Volts/Rad/Sec.) .023 .0207

R = Resistance (Ohms) .39 .429

W
E 

— Eddy Current Losses (Watts) ——— 3.7

At 20,000 RPM

The worst case voltage at 20,000 RPM (2094 Rad/Sec ) is:

V = K.~W .0207 (2094) = 43.35 Volts Peak

and the average voltage is 35.86 volts peak .

The curren t at 250 watts is then——

250
= 6.97 Amps.

35.86

Using the worst case resistance of .62~) ohm, the 12R 1os~ is 20.85 watts .

Thus the worst case efficiency at 20,000 RPM is——

Output Power x 100 250 x 100 
— 91.067h =

Ou tpu t Power + 12R + W
E 

250 + 20.85 + 3.7

At 50,000 RPM

Using the same calculation method as for 20,000 RPM results in the follnw—

ing worst case parameters.

Average Voltage — 89.65 Volts

Current at 250 Watts 2.789 Amps

I l l
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I

1
2R Losses — 3.34 Watts

Worst Caae Efficiency — 97.26 %
The average efficiency over the operating range is then 95.2% worst case.

p
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